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ABSTRACT
A novel strategy for achieving intramolecular conjugate addition reactions with
nonstablized carbanion derivatives has been developed. This general strategy relies on the
formation of an organozinc intermediate from the corresponding alkyl iodide and activated
zinc metal, and can be employed in the synthesis of a variety of five and six-membered ring
products. Mechanistic studies suggest that, at most, only a small fraction of the cyclization
product can arise from a radical-mediated pathway. Finally, the addition of electrophilic
reagents permits in situ synthetic elaboration of the product enolate.
The reductive coupling reaction of two carbon monoxide ligands on a Group V
metal center has been extended to include electrophilic reagents other than the commonly
employed silyl reagents. The coupling reaction was found to be successful with a variety
of carbon-based electrophiles from the intermediate carbyne, while direct coupling from the
dicarbonyl precursor was successful with the tantalum complex and acetyl chloride.
Mechanistic studies on the conversion of the carbyne to the coupled product have provided
a new series of compounds that readily undergo the reductive coupling transformation.
Methods to remove the newly formed ligand, both as an acetylene and an olefin, as well as
employing the organic fragment in synthetic transformations, were explored.
Thesis Supervisors: Rick L. Danheiser and Stephen J. Lippard
Titles: Professor of Chemistry
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Part I
Intramolecular Conjugate Addition
Reactions Via Organozinc Compounds
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CHAPTER 1
Introduction and Background
The conjugate addition reaction, defined as the addition of a nucleophile to a
carbon-carbon ir-bond conjugated with an electron withdrawing group, has played an
important role in the field of organic chemistry. In spite of the enormous utility of the
conjugate addition reaction as a synthetic method, there remains one area in which the
reaction is not very successful. Namely, a general method to effect the intramolecular
conjugate addition of non-stabilized carbanions remains a difficult task, despite
significant research in this area. The goal of this project, therefore, was to develop a
system that would allow for the success of such a transformation with a wide variety of
substrates. The original aim of this study was to explore the feasibility of tandem zinc
oxidative addition and transmetalation as the basis of our proposed general strategy. In
order to fully appreciate the genesis of our proposal, however, a brief review of the
conjugate addition reaction, as well as the chemistry of organozinc compounds will be
presented.
The Michael Reaction
The first examples of the conjugate addition reaction employed stabilized
carbanions as the nucleophilic species, and included reactions such as the addition of
diethyl sodiomalonate (1) to diethyl ethylidenemalonate (2), which was first reported in
1883 (eq 1).1 The reactions involving stabilized carbanions were explored thoroughly
during the 1890's by Arthur Michael, whose name is now most commonly associated
I Komnenos, T. Liebigs Ann. Chem. 1883, 218, 145.
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EtC C 2 + Et EtO2C C02Et (1)
EtO 2C CO2 Et
1 2
with the process.2 Later studies employed this reaction as the first step in the synthesis of
fused cyclohexenone systems (the Robinson annulation3) and expanded the process to
include the reaction of simple enolates with a wide variety of electron deficient olefins.
The conjugate addition of a wide range of stabilized carbanionic synthons to electron
deficient systems is now broadly described as the Michael reaction and remains a
powerful tool for organic synthesis.4
Intramolecular Michael addition reactions were introduced concurrently with their
intermolecular variants. One of the earliest intramolecular examples was the conversion
of santonin to santonic acid, first reported in 1873.5 A mechanism for this reaction was
later proposed by Corey,6 who then employed a similar intramolecular Michael addition
0
Et3N
ethylene
glycol, A
(2)
Me I Me 
3 4 Longifolene
2 (a) Michael, A. J. Prakt. Chem. 1887, 3, 349. (b) Michael, A. J. Am. Chem. Soc. 1887, 9, 112.
3 For a review of the Robinson annulation, see: (a) Gawley, R. E. Synthesis 1976, 777. (b) Jung, M. E.
Tetrahedron 1976, 32, 3. and (c) Ho, T.-L. Carbocycle Construction in Terpene Synthesis; VCH: New
York, 1988.
4 For a review of the Michael reaction, see: (a) Perlmutter, P. Conjugate Addition Reactions in Organic
Synthesis; Baldwin, J. E.; Magnus, P. D., Eds.; Pergamon Press: Oxford, 1992. (b) Jung, M. E. In
Comprehensive Organic Synthesis; Semmelhack, M. F., Ed.; Pergamon Press: Oxford, 1991, Vol. 4, pp 1-
67. (c) Lee, V. J. In Comprehensive Organic Synthesis; Semmelhack, M. F., Ed.; Pergamon Press: Oxford,
1991, Vol. 4, pp 69-137.
5 Schiff, H. Chem. Ber. 1873, 6, 1201.
6 Corey, E. J.; Ohno, M.; Mitra, R. B.; Vatakencherry, P. A. J. Am. Chem. Soc. 1964, 86, 478.
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as the key step in his synthesis of longifolene (eq 2). Thus, treatment of the bicyclic
enone 3 with base generated the complex longifolene skeleton, and the intermediate 4
was readily converted to the target natural product.
Conjugate Addition Reactions with Organocopper Compounds
Although the Michael reaction of stabilized carbanions is quite useful, the
conjugate addition of nonstabilized organometallic reagents (e.g. Grignard and
organolithium compounds) was not a viable reaction for many years, due to the
preference for 1,2 addition to a,1-unsaturated carbonyl compounds. This problem was
not overcome for nearly fifty years after the introduction of the Michael reaction, until
Kharasch7 discovered that a Grignard reaction run in the presence of copper(I) salts gives
almost exclusive conjugate addition (eq 3). In contrast, the Grignard reagent alone gives
exclusive 1,2 addition, with both processes occurring in high yield.
O
MeMgBr
cat. CuCI
Et2 0
(3)
A quarter of a century later, House and Whitesides were able to demonstrate that
organocuprates, such as 5, are an effective species for the conjugate addition of
nonstabilized carbanionic species, and were also the reactive species in Kharasch's copper
MA,,Ci i
//I"-5
(4
\ MeCu
I 6 -- Sluggish Reaction
6
7Kharasch, M. .; Tawney, P. O. J. Am. Chem. Soc. 1941, 63, 2308.
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catalyzed Grignard reactions (eq 4).8 In contrast, the corresponding alkylcopper
compounds (6) were found to be relatively unreactive in the conjugate addition reaction.
Although other metals have been used for the conjugate addition reaction, these
processes are usually quite limited in scope. Indeed, the remarkable generality and
selectivity of the copper-based system has been explored and exploited in numerous
studies and total syntheses, and the conjugate addition reaction of organocuprates9 has
now developed into one of the most powerful reactions available to the synthetic organic
chemist.
The synthetic utility of cuprate chemistry was further expanded when it was found
that the product enolate could be further elaborated with a variety of electrophiles.1 0
Although copper enolates are notoriously unreactive, transmetalation can often provide a
more reactive species. This three-component coupling sequence has been developed into
a highly efficient and convergent method for the preparation of a variety of
prostaglandins. 1
Despite the enormous success of cuprate chemistry, the mechanism of the
conjugate addition reaction remains elusive. The high regioselectivity of the cuprate
conjugate addition reaction has been explained through frontier molecular orbital analysis
of common conjugate acceptors. Although the carbonyl carbon is the most electrophilic
site, FMO theory predicts that the largest LUMO coefficient is associated with the 5-
carbon, 12 as illustrated for propenal in Scheme I. Therefore, soft nucleophiles such as
8 House, H. O.; Respess, W. L.; Whitesides, G. M. J. Org. Chem 1966, 31, 3128.
9 For reviews, see: (a) Posner, G. H. Org. React. 1972, 19, 1. (b) Posner, G. H. Org. React. 1975, 22,
253. (c) Yamamoto, Y. Angew. Chem., Int. Ed. Engl. 1986, 25, 947. (d) Lipshutz, B. H. Synthesis 1987,
325 and (e) Lipshutz, B. H.; Sengupta, S. Org. React. 1992, 41, 135.
10For reviews, see: (a) Taylor, R. J. K. Synthesis 1985, 364. (b) Chapdelaine, M. J.; Hulce, M. Org.
Reactions 1990, 38, 225.
1For a review of this approach, see (a) Noyori, R. Chem Br. 1989, 25, 883. (b) Baxter, A. D.; Roberts,
S. M. Chem. Ind. 1986, 510.
12Fleming, I. Frontier Orbitals and Organic Chemical Reactions; Wiley: London, 1976.
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enolates and cuprates add predominantly to the P-carbon, while harder nucleophiles,
such as organolithium and Grignard reagents give predominantly 1,2 addition. 13
Scheme I
'I I
-0.39
0.59
Orbital Coefficients for the LUMO of Propenal
Although FMO theory helps to explain the excellent regioselectivity, the
intermediates involved in the reaction remain the topic of much debate. Early work in
this field suggested that the addition of cuprates to conjugate addition acceptors
proceeded through a single electron transfer (SET) reaction,14 giving the radical anion of
the enone and a copper(II) species, which are then responsible for the conjugate addition
reaction. Later work by Casey, however, indicated that radical anion species were
probably not involved in the reaction pathway.l5 This elegant study employed a labeled
conjugate addition acceptor and showed that the reaction is stereospecific, indicating that
it proceeds through a direct attack of some nucleophilic species. Had the reaction
produced a radical anion, the stereochemistry of the labeled position would have been
scrambled.
More recent work has utilized high-field NMR spectroscopy to detect species
along the reaction pathway. The accumulation of data in this area indicates that the first
13Ho, T.-L. Hard and Soft Acids and Bases Principle in Organic Chemistry; Academic Press: New York,
1977.
14House, H. O. Acc. Chem. Res. 1976, 9, 59.
15 Casey, C. P.; Cesa, M. J. Am. Chem. Soc. 1979, 101, 4236.
13
step of the reaction is n-complexation of the cuprate species with the carbon-carbon
double bond of the enone. 16 The fate of this complex, as well as how it leads to product
fc,.nation, is still unresolved. Some argue that the reaction proceeds through a
copper(III) species, 16 b while others argue that the n-complex proceeds directly to the
product enolate through a carbocupration reaction. 17
Intramolecular Conjugate Addition Reactions of Nonstabilized Carbanions
In view of the success of the intermolecular cuprate conjugate addition reaction,
an intramolecular variant would also appear to be a highly useful reaction. Little work
has been done in this area, however, owing to the difficulty of generating the required
Scheme II
Functional Groups Not Compatible:
X = I, Br, C - carbonyl2RM + CX O.- R2CUM
- nitro group
- nitrile
- alcohol
X = CN, SR 
-amine2RM + CuX RCuXM - amine
- alkyl halide
M = Li, MgX
organometallic intermediate in the presence of reactive functionality. The most common
way of preparing an organocuprate species is from the corresponding alkyllithium or
Grignard reagent, which precludes most functional groups from being present, as
summarized in Scheme II.
The limited work that has been done on intramolecular conjugate addition
reactions has shown it to be a very useful transformation. Wender 18 has developed an
intramolecular cuprate conjugate addition reaction as a powerful tool for the synthesis of
16 (a) Ullenius, C.; Christenson, B Pure Appl. Chem. 1988, 60, 57 (b) Bertz, S. H.; Smith, R. A. J. Am.
Chem. Soc. 1989, 111, 8276 (c) Corey, E. J.; Boaz, N. W. Tetrahedron Lett. 1985, 26, 6015.
17Villacorta, G. M.; Rao, Ch. P.; Lippard, S. J. J. Am. Chem. Soc. 1988, 110, 3175.
18(a) Wender, P. A.; White, A. W. J. Am. Chem. Soc. 1988, 110, 2218. (b) Wender, P. A.; White, A. W.;
McDonald, F. E. Org. Synth. 1991, 70, 204.
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spiro compounds (eq 5). Here, the problem of functional group compatibility with the
intermediate alkyllithium is alleviated by initial formation of a bis-organocuprate, which
undergoes the to'uble conjugate addition.
rLip Li
2 eq CuSPh, THF
cl
(5)
96%
Cooke1 9 has also effected intramolecular conjugate addition reactions of certain
wo-iodo-a,-unsaturated carbonyl compounds via alkyllithium intermediates (eq 6). His
0 0
z n-BuLi, THF Z (6)
-100C 
Z = tBuO; 82%
Z = EtO; 66%
Z = E2 N; 15%
Z = Me; trace
Z = Ph; 1,4 addition of BuLi
approach relies upon metal-halogen exchange occurring faster than direct addition of n-
butyllithium at low temperatures, thereby allowing for the desired cyclization. This
strategy was successful in only a few cases, however, with 1,2 and 1,4 addition of
butyllithium often being the predominant reaction. Continued efforts by this group,
however, have increased the efficiency of the metal-halogen exchange, as well as shown
that the product enolate can participate in an intramolecular Michael reaction, providing a
series of bicyclic systems, with moderate control of the stereochemistry of the bicyclic
19Cooke, M. P. J. Org. Chem. 1984, 49, 1144.
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l
products.2 0 A similar strategy has been employed with a cyano olefin as the Michael
acceptor in the synthesis of the natural product (+)-epoxydictymene.2 1
0
Sm12
THF, HMPA
1 ~ 70%
6~~~~~
More recently, Curran22 has reported a samarium-based intramolecular conjugate
addition reaction (eq 7). In addition to the cyclization reaction, trapping of the product
enolate with an electrophile was also successful. Although no mechanism is proposed, it
was found that two equivalents of SmI2 were necessary for cyclization, suggesting that an
organometallic intermediate is formed. In addition, treatment of the enone with one
equivalent of the reducing agent resulted in only fifty percent consumption of the starting
material.
Finally, Kocovsky has recently reported that an alkylmercury compound, when
transmetalated with lithium dimethylcuprate, will undergo intramolecular conjugate
addition, albeit in modest yields (eq 8).23 Interestingly, the alkylmercury derivative
appears to be completely inert towards the conjugate addition reaction. The formation of
the four-membered ring also precludes the participation of a radical intermediate.
(8)
Me2CuLi, EO
-78°C, 40%
COEt
2 0Cooke, M. P.; Gopal, D. Tetrahedron Lett. 1994, 35, 2837, and references cited therein.
2 1Jamison, T. F.; Shambayati, S.; Crowe, W. E.; Schreiber, S. L. J. Am. Chem Soc. 1994, 116, 5505.
2 2Curran, D. P; Wolin, R. L. Synlett 1991, 317.
2 3Kocovsky, P.; Srogl, J. J. Org. Chem. 1992, 57, 4565.
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(7)
Organozinc Chemistry
During the past decade, there has been renewed interest in the preparation and
reactivity of organozinc compounds.24 In particular, a large amount of work has shown
that organozinc compounds may be formed in the presence of a variety of functional
groups.25 Although the low polarity of the carbon-zinc bond often limits the synthetic
utility of these reagents, transmetalation can often provide a more reactive species. Of
significant interest is the work of Nakamura,2 5a Knochel,25b and Yoshida,2 5 c who have
demonstrated that transmetalation of the organozinc compounds with copper salts is
successful, providing a route to many organocuprates that could not have been prepared
through more classical methods (Scheme III). In addition, these cuprates have been
reported to exhibit similar reactivity towards electrophiles as those prepared from
alkyllithium precursors.
Scheme III
Zn CuCNo2LiCI
FGR-I ---- FGRZnl n
Cuprates exhibit 'normal' reactivity
towards a variety of electrophiles
Concurrent with the work described above, there have been scattered accounts of
employing various organozinc species in intermolecular conjugate addition reactions. In
addition to the Reformatsky-type reagents, which are known to participate in typical
Michael reactions, there are three other classes of organozinc compounds that have been
employed: (a) diorganozincs, (b) lithium triorganozincates, and (c) organozinc halides.
Luche and co-workers have reported that dialkyl and diarylzinc species, prepared by
24For a recent review, see Knochel, P.; Singer, R. D. Chem. Rev. 1993, 93, 2117.
25For example, see (a) Nakamura, E.; Sekiya, K.; Kuwajima, I. Tetrahedron Lett 1987, 28, 337. (b)
Knochel, P.; Yeh, M. C. P.; Berk, S. C.; Talbert, J. J. Org. Chem. 1988, 53, 2390. (c) Tamaru, Y.; Ochiai,
H.; Yamada, Y.; Yoshida, Z. Tetrahedron Lett. 1983, 24, 3869.
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sonication of the organic halide with lithium metal and zinc bromide, undergo conjugate
addition in the presence of a nickel catalyst (eq 9).26 Here, it appears that the species
undergoing the conjugate addition reaction is actually a. organonickel species, obtained
in situ by transmetalation.
R2Zn, Ni(acac) 2 (9)
65-90% (9)
Work conducted with the triorganozincates has also led to conjugate addition
products. These species, usually prepared from zinc chloride and the corresponding
alkyllithium or Grignard reagent (3 equivalents), are more reactive than their
0~ o ~0
Jt ~R 3ZnL U
40-80% (10)
diorganozinc counterparts, and undergo the reaction without the aid of a catalyst (eq
10).27 In addition, modest levels of enantioselectivity have been observed when these
reactions are carried out in a chiral medium.27b
Although very little work has been done with the organozinc halides, it appears
that they also exhibit exclusive 1,4 addition to activated n-systems. These compounds,
prepared from the reaction of zinc chloride with either an organolithium or Grignard
reagent (1 equivalent), or through direct oxidative addition of zinc metal to an organic
halide, undergo conjugate addition to a variety of simple electron-deficient It bonds in
2 6Greene, A. E.; Lansard, J-P; Luche, J-P; Petrier, C. J. Org. Chem. 1984, 49, 931. For work done
without the aid of a nickel catalyst, see (a) Gilman, H.; Kirby, R. H. J. Am. Chem. Soc. 1941, 63, 2046.
(b) Greene, A. E.; Lansard, J-P; Luche, J-P; Petrier, C. J. Org. Chem. 1983, 48, 3837.
2 7(a) Isobe, M.; Kondo, S.; Nagasawa, N.; Goto, T. Chem. Lett. 1977, 679. (b) Kjonaas, R. A.; Vawter,
E. J. J. Org. Chem. 1986, 51, 3993. (c) Seebach, D.; Langer, W. Helv. Chim. Acta. 1979, 62, 1710, and
(d) Tuckmantel, W.; Oshima, K.; Nozaki, H. Chem. Ber. 1986, 119, 1581.
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good overall yield (eq 11).28 In addition, it has been shown that allylic and propargylic
zinc halides will undergo 1,4 addition with highly activated olefins, such as
alkylidenemalonate systems. 29, 30
Mel, Zn
45-98%
Me
W = CN, CO2Me
Goals and Objectives
Upon reviewing the literature discussed above, we were quite encouraged about
the prospect of successfully developing a general method to effect the intramolecular
conjugate addition reaction of non-stabilized carbanions. Our general approach to effect
such a transformation is outlined in Scheme IV. Utilizing the organozinc intermediate as
our reactive 'handle', we expected to be able to effect the desired cyclization by
converting this intermediate to a suitably reactive organometallic species through the use
of an appropriate additive or via a transmetalation reaction.
The methods currently available for effecting transformations similar to those
outlined in Scheme IV suffer from significant limitations. Most commonly, this type of
reductive cyclization is performed using a radical-mediated strategy,31 with a trialkyltin
hydride as the reagent. In general, radical-mediated cyclizations are most successful for
the formation of five-membered rings, with yields suffering for other ring sizes.
Additionally, free-radical cyclizations do not easily allow for further elaboration of the
carbon skeleton, as the product radical rapidly abstracts a hydrogen atom from the tin
2 8Shono, T.; Nishiguchi, I.; Sasaki, M. J. Am. Chem. Soc. 1978, 100, 4314.
2 9(a) Daviuad, G.; Miginiac, P. Bull. Soc. Chim. Fr. 1970, 4, 1617 (b) Bellassoued, M.; Frangin, Y.;
Gaudemar, M. Synthesis, 1978, 232, 150.
3 0For some recent examples of the cyclization of organozinc halides with unactivated t-systems, please
refer to Chapter 4.
3 1For a review of this chemistry, see (a) Curran, D. P. Synthesis 1988, 417 and (b) Curran, D. P.
Synthesis 1988, 489. (c) Curran, D. P.. In Comprehensive Organic Synthesis; Semmelhack, M. F., Ed.;
Pergamon Press: Oxford, 1991, Vol. 4, pp 779-831.
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hydride, thereby continuing the radical chain reaction. Purification of the products
obtained in these reactions can also be quite tedious, as trace tin contaminants are
notoriously difficult to remove. Finally, some of the alkylstannanes normally employed
in these reactions are reported to be toxic, making handling and waste disposal a potential
issue.
Scheme IV
IZnX
alone, W
w/ additive
or ML,
Z'n W
w
6
alone,
w/ additives
or MLn
w alone, W
ZnX K
W = carbonyl, nitro, nitrile, etc.
Z = C, N, O, S, etc.
In contrast, a cyclization strategy based upon the intramolecular conjugate
addition of organometallic intermediates has significant potential in a variety of areas.
Such an approach may not be severely constrained by the size of the new ring, providing
20
x
rw?
X
Zn O
Zn
a novel route to a variety of carbocyclic and heterocyclic systems. In addition, the
reaction should provide an enolate or other type of stabilized carbanion as the product,
which may be trapped with a variety of electrophiles, allowing for subsequent elaboration
of the molecule. Finally, an organometallic-based system provides the potential for
development of both catalytic and enantioselective systems.
In order to study the intramolecular conjugate addition reaction, it was necessary
to prepare a series of w-halo-a,[-unsaturated carbonyl compounds. In choosing the
substrates, we were looking for simple syntheses that required minimal purification of the
intermediates and allowed for easy modification from a common starting material. In
addition, preference was given to those routes that would allow for the preparation of
multigram quantities of material. The first approach, employed for the majority of
acyclic substrates, involved the addition of an enolate equivalent to 5-chloropentanal,
while the second, used for the cyclohexenone-based substrates, relied on the elaboration
of a 1,3-cyclohexanedione equivalent. Both methods have given excellent results, as
discussed below in Chapter 2.
21
CHAPTER 2
Substrate Synthesis
Synthesis of Acyclic Substrates
The strategy employed for the preparation of the first series of compounds is
outlined in Scheme V. The most convenient disconnection of these targets is at the
carbon-carbon double bond, giving an enolate equivalent and the corresponding
aldehyde. This route allowed us easily to change the activating group on the olefin (e.g.
Z = t-Bu, Me, OEt) without significantly altering our synthetic approach.
Scheme V
O 0
e d dX to CHO
We decided to employ 5-chloropentanal (8) as our starting material, since it is
readily prepared by the DIBAL-H reduction32 of commercially available 5-
chlorovaleronitrile 7 (eq 12). Nucleophilic substitution with sodium iodide could later
furnish the desired iodide derivatives. Initially, the reduction was attempted with THF as
the solvent. These conditions proved quite unsatisfactory, however, as DIBAL-H in THF
was found to be completely unreactive towards nitriles, even at room temperature.
Presumably, coordination of the reducing reagent to the nitrile is thwarted by the presence
of the oxygenated solvent. The reaction was found to proceed quite smoothly, however,
when dichloromethane was employed as the solvent (eq 12).
3 2Kuehne, M. E.; Matsko, T. H.; Bohert, J. C.; Motyka, L.; Oliver-Smith, D. J. Org. Chem 1981, 46,
2002.
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Interestingly, this aldehyde is quite prone to self-condensation, leading to the
formation of significant amounts of the trimer 8t. This condensation was found to
proceed upon heating, in the presence of traces of acid or base, and even when the
compound was stored neat at -10 C. The trimerization of aldehydes is, in fact, quite
common and well precedented, as evidenced by the fact that most commercially available
aldehydes contain the corresponding trimer as the major impurity. This problem was
generally circumvented by preparing the aldehyde just prior to use, avoiding any harsh
workup conditions, and employing the crude material directly in subsequent reactions.
Alternatively, the compound could be stored at -10 °C frozen in benzene for short periods
of time without significant trimer formation. Due to the ease of trimerization, however,
purification of the aldehyde was normally not attempted.
1.1-1.25 eq DIBAL-H Cicl
CH2CI 2, -78 C CHO (12)
7 1.0-2.5 h7 8
R
8t: R = -(CH2 ) 4CI
As outlined in Scheme VI, the first conjugate addition substrate prepared was the
t-butyl ketone 11. This compound was easily generated by the aldol reaction of
pinacolone with the aldehyde 8. Subsequent dehydration of the P-hydroxy ketone 9 using
methanesulfonyl chloride and DBU3 3 provided chloro enone 10. Finally, the Finkelstein
reaction provided the desired alkyl iodide 11, in 50-55% overall yield for the four steps.
It should be noted that purification was not required for any of the intermediates and was
performed only on compound 11.
33 Corey, E. J.; Danheiser, R. L. Tetrahedron Lett. 1973, 4477.
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Scheme VI
1.05 eq LDA,THF,
-78 C, 30 min
t-Bu CI(CH 2 )4CHO (8),
-78 °C, 1-2 h
9
2.4 eq DBU,
1.3 eq MsCI,
C6H, 2-4 h
0 C-RT
5-10 eq Nal,
Me 2CO, A, 24 h
50-55% from 7
11 10
The other two substrates in this class were prepared by employing a Wittig-type
strategy for the construction of the olefin. The preparation of methyl ketone 14,
illustrated in Scheme VII, employed a Wittig reaction3 4 between 8 and the acetyl ylide
12.35 Again, the final step was the Finkelstein reaction, which afforded 14 in 55-65%
overall yield from the nitrile 7.
Scheme VII
0 1.0 eq 8
PPh3 A, 3 h thenRT 12h
O
5-10 eq Nal,
Me2CO, A, 24 h_
55-65% from 7
I
12 13 14
34 Following a modified procedure of House, H. O.; Respess, W. L.; Whitesides, G. M. J. Org. Chem.
1966, 31, 3135.
3 5 1-Triphenylphosphoranylidene-2-propanone was prepared following the procedure of: Ramires, F.;
Dershowitz, S. J. Org. Chem. 1957, 22, 41. Alternatively, the compound is commercially available.
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Kelleher has reported a lithium iodide-promoted aldol reaction of acetone with
heptanal in refluxing diethyl ether.3 6 It was thought that these conditions might allow for
the synthesis of 14 in one step from 8, providing the enone as well as the Finkelstein
product. All attempts to employ these conditions, however, produced mixtures of 13 and
14, even with a large excess of lithium iodide and extended reaction times. Although this
mixture was easily converted to 14 with sodium iodide in refluxing acetone, this
sequence did not appear to offer any advantage over the Wittig approach.
Finally, the ethyl ester 16 was easily prepared via a Horner-Wadsworth- Emmons
reaction. Thus, the reaction of the sodium anion of triethyl phosphonoacetate with 8
provided the chloro ester 15, which was subsequently treated with sodium iodide to
provide the corresponding iodo ester 16. As summarized in Scheme VIII, the yield for
the three steps was quite reasonable, and purification of the intermediates was again
deemed unnecessary.
Scheme VIII
0 0 1.5 eq NaH, THF,
1P. 1.0 eq 8, "
EtOI"'-" 11 (OEt) 2 0 C, 30 min
0
5 eq Nal,
Me 2CO, A, 24 h EtO
62% from
7 I
15 16
The final substrate prepared in this class, acetylenic ester 19, required a somewhat
different approach. As outlined in Scheme IX, this synthesis relied on the alkylation of
propiolic acid. Initially, we had hoped that we could alkylate the acetylide of ethyl
propiolate directly. All attempts to effect this reaction were met with failure, however,
and were subsequently abandoned. Interestingly, no examples of alkylation of this
acetylide were found in the literature, with the closest example being reactions of the
lithium anion of ethyl propiolate with aldehydes.3 7 Due to these findings, we turned our
36 Kelleher, R. G.; McKervey, M. A.; Vibuljan, P. J. Chem. Soc., Chem. Commun. 1980,486.
37Herrmann, J. L.; Berger, M. H.; Schlessinger, R. H. J. Am. Chem. Soc. 1979, 101, 1544.
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attention instead to the alkylation of the dianion of propiolic acid.3 8 Again, there was
little literature precedence for successful alkylation, with only one previous report of such
a reation. 3 9
As summarized in Scheme IX, we were able to successfully alkylate the dianion
of propiolic acid, under conditions similar to those reported previously, although the
yields of the reaction tended to be quite variable. It was found that optimal yields were
obtained when the reaction was run on a small scale (ca. 30 mmol), as the reaction
mixture becomes quite viscous while forming the acid dianion. When run on a larger
scale, stirring becomes quite difficult, apparently leading to poor yields of the desired
product. By running the reaction on a smaller scale, however, efficient stirring is insured
during the entire course of the. reaction, resulting in acceptable yields of the alkylation
Scheme IX
CO2 H
~o~2H ~ 2.1 eq LDA, THF, HMPA
-40 to -15 °C, 2.5 h
CI(CH2) 41, RT
HMPA, 16h Cl
17
5.5 eq Mel,
1.05 eq K2C03,
DMF, RT, 18 h
CO2 Me CO2 Me
lI~~~~~5 eq Nal, I
Me 2CO, A, 24 h
32-48% from
propiolic acid
19 18
3 8 Carlson, R. M.; Oyler, A. R.; Peterson, J. C. J. Org. Chem. 1975, 40, 1610.
3 9Danishefsky, S.; Etheredge, S. J. J. Org. Chem. 1979, 44, 4716.
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product. Thus, 17 could be prepared from the dianion of propiolic acid and 1-iodo-4-
chlorobutane, with THF and HMPA as co-solvents. The methyl ester 18 was then readily
prepared by treatirng 17 with potassium carbonate and methyl iodide in DMF. Finally,
subjecting the chloro ester to the standard Finkelstein conditions gave 19 in 32-48%
overall yield from propiolic acid. Attempts were also made to prepare the corresponding
ethyl ester by treating 17 with thionyl chloride in refluxing benzene, followed by
quenching with ethanol. The yields were quite unsatisfactory, however, apparently due to
the relative instability of either 17 or the corresponding acid chloride.
Synthesis of Cyclohexenone-based Substrates
The synthesis of 4-alkyl-2-cyclohexenones has become an almost effortless task
in organic chemistry during the past twenty years. In 1973, Stork and Danheiser40
published a general method for the preparation of these compounds, which were
previously quite difficult to obtain. This approach has since gained popularity in the
chemical community, and is often referred to as the Stork-Danheiser reaction. The
strategy involves alkylation of the kinetic enolate of an appropriate 3-alkoxy-
cyclohexenone followed by reduction of, or nucleophilic addition to the carbonyl. The
Scheme X
OEt
(CH' > b
X(C)nX 20
40 (a) Stork, G.; Danheiser, R. L. J. Org. Chem. 1973, 38, 1775. (b) Kende, A. S.; Fludzinski, P. Org.
Synth. 1986, 64, 63.
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resulting vinylogous hemiacetal is hydrolyzed during workup to provide the desired
product. Our approach, outlined in Scheme X, is based on this chemistry. Thus, by
employing a series of a,o-d'naloalkanes and 3-ethoxy-2-cyclohexenone (20) in the
Stork-Danheiser reaction, the desired compounds could be quickly assembled in only
three synthetic elaborations.
Our first target was the iodo enone 23, shown in Scheme XI. The optimal
conditions for the preparation of 21 require HMPA and THF as a co-solvents, as well as
running the reaction at high concentrations (e.g. 1.0-1.3 M of 3-ethoxy-2-cyclohexenone).
Scheme XI
OEt
20
0
23
1.05 eq LDA,
THF, -78 °C, 30 min
1.2-1.5 eq CI(CH2)3 1,
2.5 eq HMPA
RT, 2-16 h, 74-80%
5 eq Nal
Me2CO, A, 24 h
55-60%
from 21
0
·In OEt
21a
21
0
22
28
Initially, the alkylation was attempted with 1-bromo-3-chloropropane, but this was found
to give very poor yields of the desired product. Switching to 1-iodo-3-chloropropane
provided much better results, however, with the yield of 21 ranging from 74-80% for the
first step. Interestingly, the corresponding alkyl iodide, 21a, was also formed during the
course of the reaction. Although only traces were observed by 1H NMR with shorter
reaction times (2 h), allowing the reaction mixture to stir for 16 h resulted in formation of
10-15% of 21a. Presumably, lithium iodide, the byproduct of successful alkylation, is
displacing chloride in a nucleophilic substitution reaction with compound 21. As
mentioned above, this side reaction could be almost completely suppressed with shorter
reaction times. Additionally, the formation of traces of the iodo compound was not
deemed problematic, as the final step in all of these sequences is the formation of the
desired alkyl iodide. The reduction of 21 at -78 °C with DIBAL-H in dichloromethane,
followed by hydrolysis, afforded the chioro enone 22. The Finkelstein reaction
proceeded to give 23 in 55-60% yield for the two steps.41
This approach also proved quite successful for the synthesis of 26, outlined in
Scheme XII. Again, the formation of an alkyl iodide byproduct was observed in the
alkylation step with 1-iodo-4-chlorobutane. In addition, extended reaction times also led
to the formation of the spiro compound 27. Presumably, the alkylation of the enolate of
20 to afford 24 results in the formation of 24a, as discussed above. The formation of 27
then proceeds via deprotonation of 24a, by any unreacted enolate present, and subsequent
cyclization. The spiro compound was easily separated by column chromatography, and
all of the side reactions were again easily suppressed with shorter reaction times, to
provide the desired product 24 in 78-83% yield. Reduction of 24 with DIBAL-H,
followed by the Finkelstein reaction as described previously afforded the iodo enone 26
in 65-75% yield for the two steps.
41For an alternative synthesis of 22, see Liu, H-J.; Han, Y. J. Chem. Soc., Chem. Commun. 1991, 1484.
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Scheme XII
tt OEt
20
1.05 eq LDA,
THF, -78 °C, 30 min 
1.2 eqCI(CH2) 41,
2.5 eq HMPA, RT,
2.5-4.5 h 78-83%
O
0
CI.
Cl.-O Et
24
1.2-1.5 eq
DIBAL-H,
CH 2 CI 2
0.5-2.5 h
-78 °C;
H3O+ quench
0
5 eq Nal,
Me2 CO, A, 24 h
65-75%
from 24
26 25
OEt OEt
24a 27
This strategy was employed one final time for the synthesis of iodo enone 30, as
outlined in Scheme XIm. Thus, alkylation of 20 with 1-chloro-5-iodopentane afforded 28
in 82% yield upon purification. Reduction of 28 under conditions analogous to those
described previously afforded 29, which was subsequently converted to 30 with excess
sodium iodide in refluxing acetone in 65% yield from 28. It should be noted that
purification of all the alkylation products is recommended, as the presence of
cyclohexenone (resulting from the DIBAL-H reduction of unreacted 20) hinders the
purification of the desired iodo enones.
30
I
Scheme XIII
1.05 eq LDA,
THF, -78 C, 30 min-
2.0 eqCI(CH),
2.0 eq HMPA,
OEt RT, 2.5 h 82% OEt
20 28
1.25 eq
DIBAL-H,
CRCI2
3.0 h
-78 C;
H30+ quench
10 eq Nal,
Me2CO, A, 24 h
1 65% from 28
30 29
The final cyclohexenone-based substrate prepared was 3-(4-iodobutyl)-2-cyclo-
hexenone (35), whose synthesis is outlined in Scheme XIV. The approach employed here
was based upon the conjugate addition of a cuprate to an appropriate -substituted
cyclohexenone, followed by elimination of the leaving group at the 13-position. These -
substituted enones are quite valuable synthetic intermediates,4 2 and are readily available
from the parent 1,3 dicarbonyl compounds.43 Thus, 1,3-cyclohexanedione (31) was
easily converted to the mesylate 32. Surprisingly, isolation of mesylate 32 provided a
white solid, in contrast to the yellow oil previously reported.4 3 Conversion of 32 to the
corresponding iodide was cleanly effected using benzyltriethylammonium iodide4 4 and
boron trifluoride etherate in dichloromethane. Both 32 and 33 were found to be unstable
at room temperature, but could be stored at 0 C frozen in benzene for several days
42 For example, see (a) Piers, E.; Ruediger, E. H. J. Chem. Soc., Chem. Commun. 1979, 166, (b)
Hammond, M. L.; Mourino, A.; Okamura, W. H. J. Am. Chem. Soc. 1978, 100, 4907 and (c) ref. 18
43 Kowalski, C. J.; Fields, K. W. J. Org. Chem. 1981, 46, 197.
44Prepared following the procedure of Finkelstein, M.; Petersen, R. C.; Ross, S. D. J. Am. Chem. Soc.
1959, 81, 2361.
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without appreciable decomposition. In general, these compounds were prepared
immediately prior to use and employed without further purification. Treatment of iodo
enone 33 with cuprate 36 provided the p-substituted cyclohexenone 34,45 which as
treated under standard Finkelstein conditions to provide 35, in 56-62% overall yield from
1,3-cyclohexanedione.
Scheme XIV
3.0 eq K 2CO,
1.0 eq MsCI
CH 2C12, RT, 2h
0
31
3.9 eq Zn, THF
CI(CH2)41 1.5h, RT
2.5 eq BnNEtI,
1.0 eq BF3OEt 2
CH2CI 2, 40 min
OMs
32
1.8 eq
CuCN2LiCI
CI(CH2 ) 4Znl - 0°,i CI(CH 2)4 CULn
-40 00, 5 min 3636
5 eq Nal,
Me2CO, A, 24 h
56-62% from 31
35
33
1.8 eq 36,
THF,
1.5-2 h,
-60°C-RT
45 Chang, M.; Yeh, P.; Knochel, P.; Butler, W. M.; Berk, S. C. Tetrahedron Lett. 1988, 29, 6693.
32
0
g (CH2)4C I
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The syntheses of both the acyclic and cyclohexenone-based substrates described
in this chapter were all quite successful and required minimal optimization to obtain
satisfactory results. Using these routes, we were able to prepare multigram quantities of
our desired compounds from a single run. With the substrates in hand, we were ready to
embark on our intramolecular conjugate addition reactions. The results of this successful
study are described below.
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CHAPTER 3
Intramolecular Conjugate Addition Reactions via
Nonstabilized Organozinc Compounds
Our initial plan to effect the intramolecular conjugate addition reaction, as
outlined in Scheme IV, was to employ the organozinc halide as our organometallic
'handle', which would allow for subsequent transmetalation to the corresponding cuprate.
The substrate we chose to employ in our preliminary studies was the iodo enone 11. Our
initial work employed commercially available zinc dust that was activated with 1,2-
dibromoethane and TMSC1 just prior to use.46 Thus, the iodo enone was treated with
excess zinc dust in THF at 40-45 °C for 4.5 h, at which time all of the starting material
had been consumed, as evidenced by TLC analysis. The reaction mixture was
subsequently cooled to -40 °C and treated with copper cyanide, which can be readily
solublized by the addition of two equivalents of lithium chloride. After stirring at 0 °C
for 15 min, designed to insure formation of a cuprate species, TMSC1 was added at
2.1 eq Zn, THF, 4 h
1.0 eq CuCN*2LiCI
-40-0 °C, 15 min
2.5 eq TMSCI,
'It 70 of'
(13)
11 37
-78 C (eq 13). In addition to trapping the product enolate, TMSCI has also been
reported to accelerate the conjugate addition reaction of a variety of cuprate species.4 7
Upon workup of the reaction mixture, analysis of the 1H NMR spectrum indicated that
4 6 Knochel, P.; Chang, M.; Yeh, P.; Berk, S. C.; Talbert, J. J. Org. Chem. 1988, 53, 2930.
4 7 Matsuzawa, S.; Horiguchi, Y.; Nakamura, E.; Kuwajima, I. Tetrahedron 1989, 45, 349.
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the cyclization had indeed proceeded, albeit in quite modest yield. This fact was
evidenced by the complete disappearance of the two olefinic resonances of the enone, as
well as the appearance of a doublet at 2.19 ppm, attributed to the hydrogens a to the
carbonyl, and consistent with the spectral data previously reported for the product, 37.48
In order to insure that all of the components employed in the initial reactions were
integral to the success of the cyclization, several experiments were carried out in which
one or more of the reagents was omitted. The first omission was the copper cyanide and
lithium chloride, while a second reaction was run without copper cyanide, lithium
chloride, and TMSC1. These changes appeared to have absolutely no effect on the
success of the cyclization reaction. Indeed, it quickly became apparent that the
cyclization was proceeding under the influence of the zinc metal, suggesting an
organozinc compound as the reactive intermediate. Although this result was somewhat
surprising, it was not completely unexpected, as a variety of organozinc compounds have
been reported to undergo conjugate addition reactions (vide supra).
Although the desired product was formed under the conditions discussed above, at
least ten other products were observed by TLC and GC analysis, making purification
virtually impossible. Although none of these side products were formed in large enough
quantities to allow for spectroscopic characterization, a variety of side reactions can be
envisioned to complicate the desired conjugate addition. For example, reduction of the nC-
system of the substrate by excess zinc could prevent cyclization, and dimerization or
polymerization of the substrate or product could occur due to extended reaction times
and/or elevated temperatures. Our subsequent studies therefore focused primarily on
decreasing the amount of zinc employed, as well as various methods of activating the
zinc metal, in hopes of decreasing both the reaction time and temperature. All of the
common methods of activating commercially available zinc metal, including treatment
with iodine, TMSC1, 1,2-dibromoethane, or a combination of the above, did not appear to
4 8 Elliot, R.; Sunley, R. (Imperial Chemical Industries PLC) Eur. Pat. Appl. EP 233,714 (Cl. C07D249/08),
26 Aug 1987; GB Appl. 86/3,951 18 Feb 1986.
35
greatly accelerate the reaction, however.4 9 In addition, decreasing the amount of zinc
dust employed in the reaction did not appear to suppress the formation of any of the other
products. The most informative result from these studies came when the reaction was run
at room temperature. Although the reaction was excruciatingly slow, with only ca. 25%
of the starting material consumed over one week, the results appeared to be much cleaner,
as analyzed by TLC and H NMR spectroscopy. Under these conditions, only two
products were observed by TLC, with 37 being the only material produced in substantial
yields. In addition, the product resulting from dehalogenation of 11 was not seen in the
1H NMR spectrum. We concluded, therefore, that the elevated temperatures used
previously were necessary for the oxidative addition step, and that the subsequent
cyclization is apparently facile enough to occur at room temperature.
Rieke has recently reported that zinc metal prepared by the lithium naphthalenide
reduction of zinc chloride50 readily undergoes oxidative addition to a variety of organic
halides under very mild conditions.51 We found the oxidative addition of alkyl iodides
with the Rieke zinc to be virtually instantaneous at room temperature in THF, resulting in
complete consumption of the iodo enone, as observed by TLC analysis. When employed
in our cyclization reactions, this form of highly active zinc obviated the need for elevated
reaction temperatures and extended reaction times (eq 14). The reaction also proved to
2.3 eq Zn, THF, lh
RT, 60%
(14)
11 37
4 9For a review of activation methods, see Erdik, E. Tetrahedron 1987, 43, 2203.
5 0Zhu, L.; Wehmeyer, R. M.; Rieke, R. D. J. Org. Chem. 1991, 56, 1445.
5 1For the first example of the preparation of highly active metals via reduction by alkali metal
naphthalenide solutions, see Scott, N. D.; Walker, S.; Walker, J. F. U.S. Patent 2 177 412, 1939.
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be higher yielding and much cleaner, with purification of 37 readily achieved by column
chromatography. Similar results were obtained when the methyl ketone 14 was treated
with the zinc metal prepared in situ, providing 38 in good yield (eq 15).
(15)3.0 eq Zn, THF, 50 min
RT, 56%
14 38
The results of the cyclization reactions we have studied are summarized in Table
I. In all of the systems reported here, the only other product that was isolated in
significant amounts was that arising from reductive dehalogenation of the starting
material, referred to throughout this paper as the reduction product. In general, only
traces (i.e. < 5% yield) of the 'reduction product' were isolated at the end of the reaction
times indicated. In some cases (e.g. entries 1-2, 5), no reduction product was observed,
while in other systems (e.g. entries 3-4, 6, 7), small amounts of the reduction product are
present at the end of the reaction times.
For all of the systems reported here, authentic reduction product was easily
prepared following the route described for the corresponding iodo enone, except that a
monohalo compound was used as the alkylating agent (e.g. iodopropane replaced 1-iodo-
3-chloropropane in Scheme XI or pentanal replaced 5-chloropentanal in Scheme VII and
VIII). In all cases, the spectral data for the reduction product isolated from the reaction
mixture matched that of the authentic material. The observation of this side product has
significant mechanistic ramifications, and will be discussed fully in Chapter 4.
During these studies, it quickly became apparent that the success of the
cyclization was highly sensitive to the type of zinc metal employed for the reaction.
During our initial work, we found that commercially available zinc metal sources were
unacceptable, as the oxidative addition required elevated temperatures regardless of the
37
activation method employed (vide supra). In addition, it was observed that the zinc
prepared by the method of Rieke showed a marked decrease in reactivity if not used
immed'ately, even when stored in a dry box. Thus, the best results for oxidative addition
required the reduction of zinc chloride just prior to use. In general, the highly active zinc
Table I. Intramolecular Conjugate Addition Reactions
Entry Substrate
0
t-Bu
11
14
16
CO 2 Me
I I
19
Conditions a
lh
50 min
TMSCI
24 h
120 h
Product
37
0
38
0
EtO
39
% Yieldb
60-63
52-56
30-37
66
40
38
Table I (con't)
Entry
5
Substrate
0
23
6
26
65-70
41
0
7 I
(CH2)4 1
35
(CH2) 5 1
8
30
(a) In all cases, 1.5-3.0 eq of zinc was employed. Where applicable, TMSCI is added 30 min
after the substrate. (b) Isolated yields of products purified by column chromatography on silica
gel. All of the cyclization products are known compounds, and gave spectral data consistent
with that reported previously in the literature: entry 1: ref 48, entry 2,: ref 77, entry 3: ref 78,
entry 4: ref 79, entry 5: ref. 52, entry 6: ref 53, entry 7: ref. 18. (c) The only product detected
was due to reductive dehalogenation of 30.
39
ProductConditionsa
lh
% Yieldb
TMSCI
48 h
45-51
42
24 h
43
67-74
Oc24 h
44
0
metal was prepared by the dropwise addition of a slight excess of a THF solution of zinc
chloride to a solution of lithium/naphthalenide in the same solvent. Variations in the
amount of excess zinc chloride emrployed, however, did not appear to have any effect on
the outcome of the cyclization reaction. Complete consumption of the
lithium/naphthalenide was readily evidenced by the loss of the characteristic blue/green
color, as well as the formation of the zinc metal. Interestingly, rapid addition of the zinc
chloride resulted in the formation of a single clump of zinc metal, while a fine dispersion
was obtained under the conditions described. Although the 'clumpy' zinc was also
effective for the reaction, the rate of oxidative addition appeared to be slower,
presumably a ramification of the decreased surface area of the zinc metal.
During the studies of iodo enone 23 and 26, it was necessary to determine the
stereochemical course of the reaction (entries 5 and 6), which could potentially provide
the compounds with both the cis and trans ring junctions. In both systems, however, the
only products observed were the cis compounds, 4152 and 42. 53 This was easily
determined by comparison of the 1H and 13C NMR spectra of our material with the
values published in the literature. In addition, the 2,4-DNP derivative of the product
obtained from 23 was prepared, and exhibited a melting point of 173 °C, that matched
well with the literature value of 171 °C for the 2,4-DNP derivative of 41. 54 In both
cases, no evidence for the formation of the trans isomer was observed by GC analysis.
While working with iodo enone 26 (entry 6), attempts were made to facilitate the
reaction with various Lewis acids. In this system, it was hoped that the presence of an
appropriate Lewis acid would serve to further activate the -system and accelerate the
desired cyclization. Both BF3.OEt2 and TMSC1 were found to rapidly react with the zinc
5 2 (a) Krawczyk, A. R.; Jones, J. B. J. Org. Chem. 1989, 54, 1795. (b) Okuda, Y.; Morizawa, Y.;
Oshima, K. Tetrahedron Lett. 1984, 25, 2483. (c) Metzger, P.; Casadevall, E. Org. Magn. Res. 1982, 19,
229.
5 3(a) Abraham, R. J.; Bergen, H. A.; Chadwick, D. J. Tetrahedron 1982, 38, 3271. (b) Browne, L. M.;
Klinck, R. E.; Stothers, J. B. Org. Magn. Res. 1979, 12, 561. (c) Pehk, T.; Laht, A.; Lippmaa, E. Org.
Magn. Res. 1982, 19, 21. (d) ref 48c.
54 Granger, R.; Nau, P.; Nau, J. Bull. Soc. Chim Fr, 1958, 531.
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metal, however, thereby competing with the substrate for the metal, as well as becoming
inactive for their designed roles. Although the use of stronger Lewis acids was not
pursued further, TMSC1 was employed in sorr of the reactions that required extended
reaction times, such as entries 3 and 6. For these systems, an excess of TMSC1 was
added after 30 minutes, thereby assuring that all of the alkyl iodide had already reacted
with the zinc in the initial oxidative addition step. Interestingly, the TMSC1 appeared to
decelerate the overall rate of the reaction, in direct contrast to the acceleration that has
been reported in conjugate addition reactions of organocuprates.4 7
During our preliminary studies on the cyclization of 16, we found that allowing
the reaction to run for three hours afforded, after workup, a 64% yield of a 1:1 mixture of
39 and 45 (eq 16). Due to the decreased reactivity of the activating group on the olefin,
we had expected that the cyclization reaction would occur more slowly for this system.
Based on our work with the other systems, however, we were confident that extended
reaction times would allow the cyclization reaction to go to completion, translating to a
55-60% isolated yield of 39. We were quite surprised, therefore, when we obtained a
modest 37% yield of 39 when the reaction time was increased to one day, with only a
trace of 45 present (entry 3).
0
2.3 eq Zn, THF, 3h EtO 
RT, 64%
16 45
1:1
Attempts were also made to facilitate the cyclization reaction by increasing the
polarity of the solvent system. The use of HMPA as a co-solvent with THF, however,
had very little effect on the course of the reaction. Studies were also carried out to
determine the effect, if any, of excess zinc present in the reaction mixture. This
41
(16)
parameter appeared to play no role in the outcome of the reaction, since the yields did not
vary when employing anywhere from 1.1-4 equivalents of zinc. In general, however, the
most consistent results were obtained when a minimum of '.5 equivalents of zinc was
present. The inconsistencies occasionally observed below this level were presumably due
to errors associated with the handling of small amounts (<10 mg) of lithium metal. In
order to circumvent this problem, the reaction is most successful when run on scales that
employ a minimum of 0.5 mmol of zinc. We have successfully run the reaction from 0.7
to 7.0 mmol in substrate, with consistent results obtained throughout the range. In
addition, there is no reason to believe that further increases in the scale would have a
deleterious effect on the yield of the reaction.
This zinc induced cyclization reaction works quite well when forming five- and
six-membered rings from -substituted, a,-unsaturated enones. The system is also
effective with 0,3-disubstituted systems, such as 35 (entry 7), with the only effect of the
additional steric bulk at the site of attack being extended reaction times, as might be
expected. The system suffers, however, when the electron withdrawing group on the
olefin is less reactive, such as in iodo ester 15 (entry 3). Interestingly, the reaction of
iodo enone 30 with zinc showed no evidence of formation of the seven-membered ring,
but provided only the corresponding reduction product (entry 8). Presumably, the failure
of this cyclization reaction can be attributed to the increased entropic factors that must be
overcome when obtaining the required transition state for the formation of a seven-
membered ring. Such trends are observed in most cyclization reactions, although the
formation of a seven-membered ring can often be achieved by placing a geminal dimethyl
substituent on the portion of the molecule that will form the new ring.
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During these studies, we also examined the synthesis of our cyclization products
via free radical based strategies. In addition to allowing for a direct comparison of the
two methods, these reactions provided us with authentic material that aided in
confirmation of our structural assignments. The results of these reactions are summarized
in Table II. The facility of this cyclization is clearly exemplified in entry 4b, in which the
iodo enone 23 was added in one portion to a solution of tributyltin hydride in refluxing
benzene. Although this procedure deviates greatly from the standard protocol for these
reactions, and approaches the conditions normally employed for reductive
dehalogenation, the cyclization was found to proceed smoothly. Normally, these
reactions require very slow addition of the tributyltin hydride, in order to insure that the
cyclization occurs before the radical is quenched by hydrogen atom abstraction.31 In this
system, however, with the carbonyl activating the I7 system, the cyclization to provide 41
has proved to be faster than the competitive abstraction.
In the reaction of iodo enone 26, longer addition times of the tin hydride were
required to insure complete conversion to the cyclization product. When the addition
time was decreased to 90 min, the product obtained was a 95:5 mixture of 42 and the
corresponding reductive dehalogenation product. Finally, when the free radical
cyclization was attempted on iodo enone 30, there was no evidence of formation of the
seven-membered ring. Instead, only the corresponding reduction product 46 was
observed (eq 17).
C 6H 6, A, AIBN (17)
90 min
(CH) 5 1s (CH 2) 5H
30 46
43
Table II Free Radica
Entry Substrate Addition Time'
1 11
2 14
90 min
90 min
I Cyclizations
Product
37
0
% Yield (Zinc Yield)b
67 (60-63)
67 (52-56)
38
3
4a
16 90 min 69 (30-37)
68 (65-70)
65 (65-70)
90 min
23
4b 1 min
41
0
5 26 150 min 62 (45-51)
44
42
(a) For all reactions, except entry 4b, 1.1 eq of Bu3SnH in benzene was added dropwise to a
solution of the substrate in refluxing benzene, over the time indicated. AIBN was also present
in catalytic amounts. (b) Yields are of isolated material purified by column chromatography
on silica gel. See Table 1 for references .
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In general, the yield of cyclization products obtained by the two methods are
fairly similar. The purification of the zinc cyclization reactions was found to be much
easier, however, as removal of trace tin contaminants in the free radical reactions proved
quite difficult and often required more than one operation. Finally, the free radical
reactions do not allow for the trapping of the product with electrophiles, as has been
found successful in the zinc system (vide infra).
Attempts were also made to effect the desired reaction with a variety of other
reducing reagents, including lithium naphthalenide, magnesium, magnesium amalgam,
and zinc-copper couple. In general, these reactions were not as successful as the zinc
cyclization, as discussed below.
When iodo enone 23 was treated with zinc-copper couple in aqueous ethanol
while being sonicated, the cyclization product 41 was obtained in good yields albeit with
extended reaction times (eq 18). It should be noted, however, that this reaction most
probably proceeds through a radical intermediate.55
0 0
1.6 eq Zn, 0.33 eq Cul (18)
EtOH, H20, 52 h,))),83 %
23 41
Attempts to effect the cyclization with lithium/naphthalenide were found to be
quite unsuccessful. Thus, when the reaction was attempted with 35, a new product, 47,
was observed, which could not be separated from 43 by column chromatography (eq 19).
In addition, significant amounts of 35 were also recovered from the reaction mixture.
5 5Petrier, C.; Dupuy, C.; Luche, J. L. Tetrahedron Lett. 1986, 27, 3149.
45
0 (CH, 41
2.3 eq Li/Napth
-78 °C, THF,
1h, 30 %
35 43
85
0
47
15
All attempts to employ magnesium in these reactions resulted in complete decomposition
of the substrate, with no evidence for the formation of isolable amounts of the desired
cyclization product.
In this chapter, we have introduced a new method for the intramolecular conjugate
addition reaction promoted by activated zinc metal. The reaction has proven to be
general for the formation of a series of five- and six-membered rings, providing
reasonable yields of the desired products. Efforts to elucidate the mechanism of this
novel transformation are described in the next chapter.
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CHAPTER 4
Studies on the Mechanism of the
Zinc-Promoted Cyclization Reaction
During the course of our studies, it became imperative to elucidate the mechanistic
course of the zinc cyclization reaction. In particular, we were interested in identifying the
intermediate that was responsible for the intramolecular conjugate addition reaction. In
view of the accepted mechanism of oxidative addition (vide infra), it was possible that the
cyclization step was proceeding through a free radical, rather than an organozinc species.
Scheme XV outlines several potential mechanistic pathways for the overall
Scheme XV
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conversion of the starting material to the cyclization product, using iodo enone 35 as a
model. The two possible routes to an organozinc intermediate, 50, involve either a
concerted oxidative addition or two single electron transfer (SET) steps. Based on
extensive work on Grignard reagent formation, however, a concerted addition seems
unlikely for this system. Thus, we can turn our attention to either 48 or 49 as the first
intermediate along the reaction pathway.
From extensive studies on the Grignard reaction, it has become accepted that the
oxidative addition of magnesium proceeds via two single electron transfer (SET)
reactions. 56 The nature of the first intermediate, however, is the topic of much debate.
The possibilities include the production of a free radical species through an inner sphere
electron transfer, as well as the formation of a radical anion through an outer sphere
electron transfer. In addition, it is also possible that the product of the outer sphere electron
transfer may pass through a radical intermediate during the formation of the organometallic
species, analogous to 48, 49, and 50, in Scheme XV. The center of the controversy is the
nature of the radical intermediate that is formed. Some argue that a free radical best
represents the intermediate, referred to as the D (freely Diffusing) Model,5 7 while others
support the presence of 'surface-oriented' species, known as the A (Adsorbed) Model.58
If the D Model predominates, it is expected that the free radical will eventually react with
the metal to provide the Grignard reagent, although its lifetime is sufficient to allow for
radical mediated side reactions. Thus, in Scheme XV, the A model is best represented by
the formation of 48, and its direct conversion to 50, while the D model most closely
resembles the formation of 49, either directly from 35, or through 48. It must be
stressed, however, that the work in the literature is based on the formation of Grignard
reagents, while our work is concerned with the formation of organozinc species, the
mechanism of which has received relatively little attention.
56 For a review of this work, see Garst, J. F.; Swift, B. L. J. Am. Chem. Soc. 1989, 111, 241 and
references cited therein.
5 7Garst, J. F. Acc. Chem. Res. 1991, 24, 95.
5 8Walborsky, H. M. Acc. Chem. Res. 1990, 23, 286.
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Evidence for the D Model is based mainly on the observation of side products
during the formation of certain Grignard reagents. In fact, most of the side reactions
observed during the formation of Grignard reagents are presumed to proceed through free-
radical intermediates.59 These free radicals have been observed directly through CIDNIP
experiments 59a as well as indirectly, through the cyclization of 5-hexenyl systems.59 b
Thus, when 6-bromo-l-hexene (54) is allowed to react with magnesium metal, CIDNIP
evidence indicates a radical species is present and significant amounts of methyl
cyclopentane (55) are isolated from the reaction mixture (eq 20). Additionally, statistical
analysis of the product composition from the reaction was found to be in agreement with
the D model.59 g
Me
Mg, Pent2 0 20
Br 27% 
54 55
Evidence for the A Model6 0 comes mainly from the preparation of optically active
Grignard reagents. In these reactions, one would expect to see complete racemization of
the substrate if a free radical was produced. The A model predicts that the species
produced during the reaction is adsorbed on the magnesium surface, however, making
formation of the Grignard reagent competitive with racemization. Although this model
does allow for partial racemization of the substrate, it predicts that the majority of the
substrate will retain its original configuration. Thus, when (S)-(+)-l-bromo-1-methyl-2,2-
59 For further references on the D Model, see (a) Schaart, B. J.; Bodewitz, H. J.; Blomberg, C.;
Bickelhaupt, F. J. Am. Chem. Soc., 1976, 98, 3712. (b) Bodewitz, H. J.; Blomberg, C.; Bickelhaupt,
F. Tetrahedron 1975, 31, 1053. (c) Garst, J. F.; Deutch, J. E.; Whitesides, G. M. J. Am. Chem. Soc.
1986, 108, 2490. (d) Root, K. S.; Hill, C. L.; Lawerence, L. M.; Whitesides, G. M. J. Am. Chem.
Soc. 1989, 111, 5405. (e) Bodewitz, H. J.; Blomberg, C.; Bickelhaupt, F. Tetrahedron Lett. 1972,
281. (f) Ashby, E. C.; Oswald, J. J. Org. Chem. 1988, 53, 6068. (g) Garst, J. F.; Swift, B. L. J. Am.
Chem. Soc. 1989, 111, 241.
60 For references on the A Model, see (a) Walborsky, H. M.; Aronoff, M. S. J. Organomet. Chem.
1973, 51, 31. (b)Vogler, E. A.; Stein, R. L.; Hayes, J. M. J. Am. Chem. Soc. 1978, 100, 3163.
(c)Walborsky, H. M. Acc. Chem. Res. 1990, 23, 286. (c) Walborsky, H. M.; Rachon, J. J. Am.
Chem. Soc. 1989, 111, 1896.
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diphenyl-cyclopropane (56) is treated with magnesium powder, the majority of the product
exhibits retention of configuration.59b In addition, when the reaction was run in methanol-
dl, providing a hydrogen as a radical trap and a deuteron as a proton trap, all of the product
incorporated deuterium, providing further evidence for the organometallic nature of the
Ph \.Me Mg, CH3OD PhMe (21)
Ph Br 100%,72% Ph Dretention of
configuration
56 57
intermediate released from the metal surface. Finally, proponents of the A model accept the
evidence for the formation of free radicals during Grignard formation. They argue,
however, that there is no concrete evidence that these species actually occur during the
formation of the organometallic compound. Instead, they contend that the formation and
detection of the radicals arises from side reactions that are not part of the pathway for
Grignard formation.
Despite the significant advances have been made in this field, it is still quite unclear
how the reaction occurs at the magnesium surface. Although the D model and A model
provide two good mechanistic pictures of the Grignard formation, there are many other
variables that are known to have an effect on the outcome of the reaction. These include the
structure of the alkyl halide, the halide itself, the type of magnesium, and the solvent
employed in the reaction. Thus, conclusions from one Grignard reaction must be carefully
scrutinized before being applied to other Grignard reactions. Finally, although the
Grignard system has been studied extensively, very few other metals have received such
attention, and it is not clear whether conclusions from studies on organomagnesium
compounds can be extended to other metals.
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During the past few years there have been some preliminary reports on
intramolecular cyclization reactions of unactivated nt-systems promoted by zinc metal.
Crandall6l has reported that a series of 8-iodoacetylenes will undergo the desired
cyclization reaction when treated with zinc in a benzene-THF solvent mixture at elevated
temperatures. Interestingly, iodine is incorporated into a significant portion of the final
product (eq 22) and the addition of styrene to the reaction mixture completely suppresses
Me
Zn, DMF, PhH _22
50 °C, 4 h (GC Ratios) + Me (CH 2)3CH 3
R = H (0.38)
R= I (0.48) (0.14)
the cyclization reaction, leading the authors to conclude that the reaction is proceeding
through a free radical intermediate. More recently, however, Normant62 has studied the
reaction of -iodoalkenes with activated zinc metal to provide the corresponding
cyclopentyl derivatives (eq 23). In these reactions, it appears that a discrete organozinc
Me I Zn, Et2 O
I ( , r.t., 80%-
\·-L ~~ ~ (93/7n trans/cis)
(23)
halide is responsible for the carbocyclization reaction, as evidenced by the results outlined
in equation 24, where cyclization is not observed. If a free radical intermediate were being
formed in this case, the authors argue that cyclization should be quite facile. The
conclusion, therefore, is that the reaction can not involve a radical intermediate, and must
be proceeding via a different pathway.
6 1Crandall, J. K.; Ayers, T. A. Organometallics 1992,11, 473.
6 2Meyer, C.; Marek, I.; Courtemanche, G.; Normant, J. -F. Synlett. 1993, 266.
51
Et
Zn, DMF No Cyclization
80 °C Product Observed
In order to shed further light on the mechanism of our intramolecular conjugate
addition reactions, we designed a series of experiments that would provide significant
insight about the course of the reaction. The first approach was to employ a hydrogen atom
source, such as y-terpinene, in the reaction mixture. If a free-radical intermediate were
present, one would expect to see an increase in the formation of the reduction product,
mirrored by a decrease in the yield of the cyclization product. Using iodo enone 23, the
cyclization reaction was carried out in the presence of an excess of y-terpinene. As
summarized in equation 25, the results obtained were the same as those from the reaction
Zn, THF
rt, 1 h, 68%
-I excess
%11_1 h
' i'Pr
(25)
23 41 58
without 8-terpinene, including the complete absence of any of the reduction product, 58,
upon workup. The free radical cyclizations for the five-hexenyl systems are known to be
quite facile, however. In addition, our system is further activated by an electron
withdrawing group on the olefin, making the cyclization even more rapid. With these
factors in mind, we could not rule out the possibility that the cyclization reaction was
occurring faster than the competitive hydrogen atom transfer. This hypothesis is further
substantiated by the result obtained when the free radical cyclization was run in the
presence of tributyltin hydride (vide supra, Table 2, entry 4a).
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Our next approach was to employ a radical trap within the molecule, making iodo
enone 59 our synthetic target. With the cyclopropyl group situated as an a-substituent to
the iodide, formation of any free radical species vas expected to lead to opening of the
three-membered ring. The strategy for the synthesis of 59 is outlined in Scheme XVI, and
follows the same general strategy discussed previously for the synthesis of similar
substrates (vide supra).
Scheme XVI
II OEt
59 60 20
The preparation of 1,1-bis-bromomethylcyclopropane has been described
previously,6 3 and conversion to the corresponding diiodide 60 was easily accomplished
with sodium iodide in acetone at room temperature. All attempts to alkylate the enolate
derivative of 20 with 60 met with failure, however, and this route was abandoned.
Although nucleophilic substitution was found to proceed quite rapidly during the
preparation of the alkyl iodide,64 it appears that the neopentyl character of the compound
precludes any reaction from occurring. Alternative routes to 59 were not pursued, as our
third method of analysis was beginning to provide some very interesting results.
Our final approach to probing the mechanistic course of the reaction was to monitor
the formation of both the reduction product and cyclization product over time. As
discussed above, the first step on the reaction pathway outlined in Scheme XV is best
6 3 Evans, D. A.; Mitch, C. H. Tetrahedron Lett. 1982, 23, 285.
64Treatment of the corresponding bromide with sodium iodide in acetone at room temperature resulted in
the immediate formation of the desired product. This result is similar to the preparation of benzyl iodide
from benzyl bromide and is in stark contrast to the conditions necessary for the preparation of the substrates
described in Chapter 2.
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represented by a either an inner-sphere or outer-sphere single electron transfer reaction
from the zinc surface to the alkyl iodide. Formation of the radical anion 48 through an
outer sphere electron transfer is expected to lead to RZnI (50), ei'her directly or through the
radical intermediate 49. Alternatively, 49 may be formed directly through an inner sphere
electron transfer to the iodo enone substrate 35, and can then proceed to the organozinc
intermediate 50. It should be noted that all pathways depicted here may provide the enolate
52, as well as the corresponding reduction product 53. Under all circumstances, the
cyclization product 43 is obtained after an aqueous quench, whereas the reduction product
may be formed either in situ via a radical intermediate, or upon an aqueous quench via an
uncyclized organozinc compound.
Although both the radical (49) and organozinc (50) intermediates can each
independently yield the two isolated products (43 and 53), the lifetime of these
intermediates is expected to be quite different. The free radical intermediate 49 should have
a very short lifetime under the reaction conditions employed. We expect, therefore, that
this intermediate will rapidly combine with the electrophilic zinc surface to provide 50.
There is the possibility, however, that cyclization or hydrogen atom abstraction could be
competitive with the formation of the organozinc intermediate. In contrast, the organozinc
intermediate 50 should have a relatively long lifetime under the aprotic reaction conditions
described, and is expected to slowly undergo the desired cyclization reaction.
If a pathway involving a freely diffusing radical species 49 predominates, the high
energy free radical must either rapidly combine with the zinc surface, providing access to
the organometallic pathway, or undergo radical type reactions such as cyclization and
hydrogen atom abstraction. If these radical processes are indeed responsible for the
observed results, it would be expected that the amount of the cyclization product 43 and
reduction product 53 present should remain constant after a short initial reaction period. If
a pathway involving the formation of an organozinc derivative is favored, however, the
reduction product will arise only from an aqueous quench of the organozinc species. If 50
54
is not protonated, it should survive to undergo the conjugate addition reaction. Thus, one
would predict an initial jump in the amount of 53 present, upon an aqueous quench of an
aliquot of the reaction mixture. If the reaction mixture is not quenched, owever, the
amount of 53 is expected to decrease over time. Additionally, this decrease must be
mirrored by an increase in the yield of 43 for this mechanism to be valid.
This study was easily conducted by running the cyclization reaction with biphenyl
as an internal standard, quenching aliquots with IN HC1 at various time intervals, and
analyzing the product composition by GC. It is also important to note that the oxidative
addition reaction in all cases is virtually instantaneous, as no starting material is observed
by GC and TLC analysis upon the complete addition of the alkyl iodide substrate.
The results for the reaction with 35 are illustrated in Figure 1. As expected, the
amount of reduction product 53 does exhibit an initial jump in yield, followed by a
decrease with time. Concurrently, there is an increase in the yield of the cyclized product
43, which is consistent only with the reaction proceeding through a common intermediate
50. Also possible, however, is a combination of the two mechanisms, resulting in the
formation of a small amount of the cyclization product 43 via the radical species 49 before
the conversion to 50 is complete.
The same results are obtained when the reaction of substrates 23 and 26 are
followed as described above, as illustrated in Figures 2 and 3. In all of the cases examined
here, it appears that an organozinc halide is formed as an intermediate, and this species is
indeed undergoing the intramolecular conjugate addition reaction. Participation of a radical
species appears to be minimal under these reaction conditions, although its participation in
the formation of a small amount of the cyclization products during the initial stages of the
reaction can not completely ruled out.
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Figure 1. Yield of cyclization product 43 and reduction
product 53 as determined by GLC analysis after HC1 quench.
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Figure 3. Yield of cyclization product 42 and reduction
product 61 as determined by GLC analysis after HCI quench.
With our mechanistic experiments completed, our attention turned to the final
portion of these studies. In the next chapter, our preliminary studies on effecting the
intramolecular conjugate addition reaction with subsequent enolate elaboration are
described.
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CHAPTER 5
Intramolecular Conjugate Addition
With Subsequent Enolate Elaboration
The final area that we wanted to explore with our chemistry was the tandem
conjugate addition reaction and subsequent enolate elaboration. This study highlights one
of the major advantages of this approach when compared to free radical cyclization
strategies, where subsequent trapping reactions are quite limited in scope. In contrast, the
preliminary studies described here indicate that our strategy does indeed allow for facile
elaboration of the carbon skeleton.
The majority of work done on trapping of zinc enolates with electrophiles has
involved aldehydes and ketones, constituting the classical Reformatsky reaction. 65 In
recent years, however, this work has been greatly expanded to include a variety of other
electrophiles, such as acid chlorides,6 6 and vinyl6 7 and aryl halides.68 For these systems,
a transition metal catalyst is required to effect the desired transformation. Interestingly, the
reaction of Reformatsky reagents with alkyl halides is only successful with low molecular
weight alkyl iodides and highly activated bromides.69
We decided to employ iodo enone 23 as our substrate for the trapping experiments,
using methyl iodide as the first electrophilic reagent. Initially, we felt that we could employ
the zinc enolate directly. As outlined in eq 26, however, this did not give satisfactory
results, as significant amounts of 41 were also isolated. Although various methods were
employed to increase the yield of 62, including increasing the amount of HMPA as a co-
65 For a review, see Furstner, A. Synthesis 1989, 571.
66 Sato, T.; Itoh, T.; Fujisawa, T. Chem. Lett. 1982, 1559.
67 Fauvarque, J. F.; Jutand, A. J. Organomet. Chem. 1981, 209, 109.
6 8(a) Fauvarque, J. F.; Jutand, A. J. Organomet. Chem. 1977, 132, C17. (b) Fauvarque, J. F.; Jutand,
A. J. Organomet. Chem. 1979, 177, 273.
69 (a) Orsini, F.; Pelizzoni, F.; Ricca, G. Tetrahedron 1984, 40, 2781. (b) Orsini, F.; Pelizzoni, F.
Synth. Commun. 1984, 14, 805.
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solvent and increasing the concentration of the reaction, the results remained similar to
those summarized in eq 26.
t0 O
1.7 eq Zn,
THF, RT, 1 h
10 eq Mel, HMPA, y
I 16 h, RT
41 6223
39% 39%
The next approach designed to increase the yield of 62 was to trap the zinc enolate
with Me3SiCl, to provide the corresponding silyl enol ether, a sequence that has been
employed extensively in the literature7 0. The intermediate silyl enol ether can be isolated
and subsequently treated with methyllithium to provide the corresponding lithium
enolate7 0b in the desired solvent, which would then be allowed to react with methyl iodide.
After performing this reaction sequence, however, only poor yields of 62 were obtained.
Instead, it appears that the major product from this sequence of reactions arises from
polymethylation of the skeleton of 41.
The most significant results were obtained when the zinc enolate was treated with
methyllithium directly at low temperatures, followed by the addition of methyl iodide.
Under these conditions, consumption of the enolate is complete, as no 41 is isolated, and
the reaction times are significantly reduced (eq 27). Presumably, addition of methyllithium
provides the more reactive zinc enolate 64, and is precisely the same strategy employed by
Noyori's group in their highly convergent approach to the prostaglandins. 71 Similar
chemistry has been described recently by Lipshutz,72 again with a remarkable increase in
enolate reactivity. This increase in reactivity is further illustrated by the fact that the
70 (a) Stork, G.; Hudrlik, P. F. J. Am. Chem. Soc. 1968, 90, 4462. (b) Stork, G.; Hudrlik, P. F. J.
Am. Chem. Soc. 1968, 90, 4464. (c) Coates, R. M.; Sandefur, L. O.; Smille, R. D. J. Am. Chem.
Soc. 1975,97, 1619.
71 Morita, Y.; Suzuki, M.; Noyori, R. J. Org. Chem. 1989, 54, 1787.
7 2Lipshutz, B. H.; Wood, M. R. J. Am. Chem. Soc. 1993, 115, 12625.
60
(26)
reaction of 64 with methyl iodide occurs in THF alone, whereas the alkylation of 63
requires HMPA as a co-solvent.
uznx
1.8 eq 2.0 eq
Zn, THF MeLi
1 h, RT -78 °C
-I
1l'7
23 63 64
°0 ~~~~5 eq Mel 
Me -78 °C-RT,
2 h, 58%
62
Interestingly, the direct alkylation of the zinc enolate provided the product as a 95:5
mixture of isomers, while the reaction with the mixed zinc-lithium enolate gave an 85:15
mixture of the same isomers. The structures of the two isomers were determined through a
combination of isomerization studies and 1H NMR experiments. The four possible
isomers from the reaction, as well as 41, are shown below in Scheme XVII.
Scheme XVII
o
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From the studies described previously, we knew that the reaction proceeded to give
the cis ring fusion, as in 41. In addition, due to the puckered shape of the bicyclic system,
we expected that the alkylation would occur from the convex face, corresponding to 62.
There was the possibility, however, that the enolate had scrambled, to provide 66 and/or
67. We quickly established that we had obtained a pair of diastereomers by treating the
85:15 mixture with lithium methoxide (rt, 16 h), which gave the same two products in a
70:30 ratio. Had we begun with a mixture of regioisomers, we would expect to see the
formation of two new products, the corresponding epimers, under the thermodynamic
reaction conditions employed, rather than the observed interconversion. Thus, we
concluded that we had obtained either a mixture of 62 and 65 or 66 and 67 from the
alkylation reaction.
The regiochemical outcome of the reaction was determined by comparing the 1H
NMR spectrum of 41 with the spectrum of the major product from the alkylation reaction.
Careful analysis of the 1H NMR spectrum of 41 shows two distinct patterns at high field, a
doublet of doublets at 2.14 ppm, and an apparent doublet of triplets centered at 2.05 ppm
(Fig 4). These resonances have been assigned to H1 and H2, respectively, through
analysis of the COSY spectrum.
The NMR spectrum of the products obtained from the alkylation reaction is shown
in Fig. 5. Noteworthy is the absence of the doublet of doublets, at 2.14 ppm, while the
doublet of triplets centered at 2.05 ppm still remains. This is consistent only with the
methyl group attached to the carbon originally bearing H1 and H3 in 41. Thus, we were
able to eliminate 66 and 67.
The COSY spectrum of the major isomer provided the final, crucial piece of
information for the determination of the major diastereomer (Fig 6). Analysis of the COSY
spectrum reveals that the multiplet centered at 1.79 ppm shows coupling only to the methyl
group and one other proton, presumably H7. Thus, this resonance can be assigned to
either H3 in 62 or H1 in 65. Careful analysis of the multiplet at 1.79 ppm shows that it is
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actually a doublet of quartets, with coupling constants of 6.4 and 10.9 Hz. The lower
value is attributed to coupling with the methyl group, whose resonance at 1.04 ppm shows
an equivalent coupling value, while the larger value -nust arise from coupling between H3
and H7. The magnitude of this coupling constant is only explained through an axial-axial
relationship of the two protons, which can only be achieved in 62 (Scheme XVIII). Thus,
we were able to determine that the major isomer was 62, as originally proposed. From the
isomerization study, the minor product was subsequently determined to be the diastereomer
65, which indicates that there is no regiochemical scrambling of the intermediate enolate
during the course of these reactions.
Scheme XVIII
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Figure 6. COSY Spectrum of 62 (major isomer) and 65
(minor isomer) in benzene-d6.
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The second electrophile that'was chosen for these preliminary trapping studies was
acetaldehyde. As described above, attempts to trap the zinc enolate directly gave relatively
poor yields. In this case, however, the results were not significantly better when the zinc
enolate was first treated with methyllithium. Interestingly, traces of 41 were always
isolated from the reaction mixture, regardless of the reaction time and temperature.
The initial product of the aldol condensation is the [-hydroxy ketone 68.
Substantial amounts of the dehydration product, enone 69, were also formed during the
reaction, however. Although the cause of the dehydration is still unknown, it is possible
that the zinc halides present may result in the in situ dehydration of 68. The [t-hydroxy
ketone was therefore not isolated, but instead treated directly with p-toluenesulfonic acid in
benzene to promote complete dehydration, and the enone 69 was isolated (eq 28).
0
2.0 eq Zn, THF,
rt, I h
2.0 eq MeLi,
-I -78 °C, 10 min
10 eq CH 3CHO,
cat TsOH,
rt, 12h
37%
(28)
23 68 69
Again, it was necessary to determine the stereochemical course of the aldol reaction.
From the studies on the alkylation reaction (vide supra), we were confident that the product
of the aldol reaction would have the same regiochemistry as in 62 and 65. The geometry
of the olefin was readily analyzed by comparing the chemical shift of the vinyl hydrogen in
the product to similar compounds reported in the literature, shown in Scheme XIX. For
a,3-unsaturated systems, it appears that a vinyl hydrogen cis to the carbonyl appears much
further downfield than the corresponding trans hydrogen.73 Comparison of compounds
70 and 71, as well as 72 and 73, shows a large difference for the hydrogen trans and cis
73 Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Spectrometric Identification of Organic Compounds;
Wiley: New York, 1981 p 229.
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to the carbonyl, respectively.74 From this trend it is apparent that the vinyl hydrogen in 69
is cis to the carbonyl, thus giving the E-olefin, as drawn. Once the geometry of the olefin
has been determined, the stereochemistry of the -hydroxy ketone can be determined by
invoking a trans elimination mechanism.75 Using this protocol, it appears that the product
of the aldol reaction is the erythro, or syn ketol 68 (eq 28).
Scheme XIX
H - 85.60
t t
86.73 81.73
70
H
t81.97 8
61.97 5.98
71
69
It is generally assumed that E(O) enolates tend to give the anti aldol, while Z(O)
enolates proceed to give syn aldol products under kinetic control, as explained by invoking
a six-membered chair transition state.75 In addition, systems that proceed through the Z(O)
enolates normally provide higher diastereoselectivities than the corresponding E(O)
7 4 Heng, K. K.; Smith, R. A. J. Tetrahedron 1979, 35, 425.
7 5(a) Heathcock, C. H. J. Org. Chem. 1981, 46, 2290. (b) Heathcock, C. H. Asymmetric Synthesis,
Academic Press: New York, 1984. For a general discussion, see Carey, F. A.; Sundberg, R. J. Advanced
Organic Chemistry: Part B, Plenum: New York, 1990.
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systems. Zinc enolates have been shown to follow this trend, often resulting in higher
diastereoselectivities than the corresponding lithium compounds.76 Aldol reactions can
also be run under thermodynamic conditions, however, in which the anti product normally
predominates over the corresponding syn isomer, regardless of the enolate conformation.
Generally, however, mixtures of isomers are obtained under these conditions
Our system must proceed through the E(O) enolate, due to the presence of the six-
membered ring, but provides the olefin normally associated with the syn aldol. Although
this result does not follow the general rules outlined above, there are other cases in the
literature that deviate from the expected stereochemical outcome. In particular it is quite
informative to compare our results with those obtained in the synthesis of 72 and 73, also
prepared through aldol reactions with acetaldehyde.74 In this study, the corresponding
ketol intermediates were isolated and their stereochemistry was determined by 1H NMR
spectroscopy. It was found that 72 is produced from the anti aldol product, whereas the
precursor for 73 was the isomeric syn aldol product. In both cases, only one isomer was
observed. Dehydration was then effected under the exact conditions that are described here
(p-toluenesulfonic acid in benzene). It is also interesting to note that 72 is produced in
high yields from the corresponding ketol, whereas the yield for 73 is quite modest. This
compares surprisingly well with our system, where the yield of the olefin is also somewhat
diminished.
From these systems, it is clear that the result reported here, while opposite that of
the normal predictions, is not completely unprecedented. Rather, it appears that the two [-
substituted cyclohexanone systems presented here do not fit well with the model, and must
be viewed on an individual basis. Examination of the two chair-like transition states does
not clearly explain the observed bias leading to 69, as well as 72. It is possible that these
systems proceed through a skewed or boat-like transition state to provide the observed
products. Alternatively, the addition of methyl lithium to the enolate mixture may disrupt
7 6 House, H. O.; Crumrine, D. S.; Teranishi, A. Y.; Olmstead, H. D. J. Am. Chem. Soc. 1973, 95,
3310.
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the chelating ability of the zinc counterion, resulting in an open transition state for the aldol
reaction. A similar argument has been applied to the aldol reactions of titanium enolates
from cyclic ketones, which exhibit very high syn selectivity,7 7 although this should not
apply to the preparation of 73. It is apparent that the 1-substituent perturbs the
Zimmerman-Traxler transition state model, resulting in a reversal of the normal selectivity.
In this thesis, we have introduced a novel cyclization reaction based on the
intramolecular conjugate addition of organozinc halides, which are easily prepared from the
corresponding alkyl iodide and activated zinc metal. The cyclization is successful with a
variety of a,1-unsaturated ketones and esters to form five- and six-membered ring
products. Mechanistic work has shown that the organometallic species is indeed formed,
and constitutes a discrete intermediate along the reaction pathway. Finally, we have shown
that the product enolate may be trapped with a variety of electrophiles, allowing for further
elaboration of the newly formed carbocyclic skeleton.
7 7 Reetz, M. T.; Peter, R. Tetrahedron Lett. 1981, 22, 4691.
70
CHAPTER 6
Experimental Section
General Procedures
All reactions were performed in flame-dried glassware under a positive pressure
of argon and stirred magnetically with a Teflon-covered stir bar, except as noted below.
Reactions involving lithium/naphthalenide solutions were stirred with a glass-covered stir
bar. Sensitive liquids were transferred via syringe or cannula and were introduced into
reaction vessels through rubber septa. Reaction product solutions were concentrated with
the use of a Buchi evaporator at ca. 30 mm Hg unless otherwise indicated. Alkyllithium
reagents were titrated in tetrahydrofuran at 0 C with sec-butanol using 1,10-
phenanthroline as an indicator. 76
Commercial grade reagents and solvents were used without further purification
except as indicated below:
* Distilled under argon from sodium benzophenone ketyl or dianion: benzene,
diethyl ether and tetrahydrofuran.
* Distilled under argon from calcium hydride: dichloromethane, trimethylsilyl
chloride, hexamethylphosphoramide, diazabicyclo[5.4.0.]undec-7-ene,
and diisopropylamine.
* Distilled under argon or vacuum: cyclohexenone, 3-ethoxycyclohexenone,
pinacolone, and methanesulfonyl chloride.
Purification of other reagents was accomplished in the following manner: lithium
chloride was dried at 130 C (0.1 mmHg) for ca. 24 h; zinc chloride was refluxed in
thionyl chloride for ca. 2 h, washed repeatedly with benzene, dried (0.1 mm Hg) for ca.
24 h and stored in a glove box under nitrogen; 1,3-cyclohexanedione and naphthalene
76 Based on a modified procedure of Watson, S. C.; Eastham, J. F. J. Organomet. Chem. 1967, 9, 165.
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were recrystallized from benzene; and 1,2-dibromoethane and all commercial alkyl
iodides were passed through a short column of neutral alumina prior to use.
Chromatography
Analytical thin-layer chromatography (TLC) was performed on Merck pre-coated
glass-backed silica gel 60 F - 254 0.25 mm plates. Visualization of spots was effected by
one or more of the following techniques: (a) ultraviolet illumination, (b) exposure to
iodine vapor, (c) immersion of the plate in a 10% solution of phosphomolybdic acid in
ethanol followed by heating to ca. 200 C, (d) immersion of the plate in an ethanolic
solution of 3% p-anisaldehyde containing 0.5% concentrated sulfuric acid followed by
heating to ca. 200 C, and (e) immersion of the plate in an ethanolic solution of 3% p-
vanillin containing 0.5% concentrated sulfuric acid followed by heating to ca. 200 C.
Note that techniques (c), (d), and (e) were very often preceded by techniques (a) and (b)
on the same TLC plate.
Column chromatography was performed with the use of 230-400 mesh Merck or
Baker silica gel.
Instrumentation
Infrared spectra (IR) were obtained with a Biorad FTS - 7 spectrometer. 1H NMR
spectra were measured on a Varian XL-300 (300 MHz) spectrophotometer. 13C NMR
spectra were determined on a Varian XL-300 (75.5 MHz) spectrophotometer. Chemical
shifts are reported in parts per million (), relative to tetramethylsilane.. Gas
chromatography was carried out on a Hewlett Packard HP-5790 instrument, equipped
with a high speed capillary column (12 m x 0.2 mm x 0.33 gm, cross-linked methyl
silicone stationary phase). Ultaviolet spectra were recorded with a Perkin-Elmer 552
UV-vis spectrophotometer, and absorptions are reported in nanometers. High resolution
mass spectra (HRMS) were measured on a Finnegan MATT-8200 spectrometer. Melting
72
points (mp) were determined with a Fischer-Johns melting point apparatus and are
uncorrected. Boiling points (bp) are uncorrected. All known compounds prepared gave
spectral data consistent with that reported in the literature.
General Experimental Procedure for Mechanistic Studies
All reactions used for mechanistic data were monitored by gas chromatography,
with biphenyl employed as the internal standard. The samples were prepared for
injection in the following manner: (1) an aliquot was removed and added to a vial
containing 1 mL of water and 1 mL of diethyl ether, and (2) after repeated mixing, the
organic layer was removed and filtered through a small column of alumina. All samples
were kept tightly sealed until the time of injection. In all cases, the starting material was
consumed by the time the first aliquot was removed. All of the peaks being analyzed had
baseline resolution, and did not overlap with any other peaks in the GC trace. FID
constants were obtained by comparing the area of a known amount of material with the
area of a known amount of biphenyl. This procedure was repeated for three points, and
all runs were carried out in triplicate. In some cases, the reaction mixture was worked up
at the end of the study and the products were isolated. In all cases, the amount of product
isolated was consistent with the values found by GC analysis.
73
5-Chloropentanal (8)
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adaptor, 25-mL pressure equalizing addition funnel, and rubber septum was charged with
5-chlorovaleronitrile (7) (4.2 mL, 4.4 g, 37.4 mmol) and 40 mL of methylene chloride
and cooled to -78C while a solution of diisobutylaluminum hydride (DIBAL; 1.0 M in
hexane, 50 mL, 50 mmol) was added via the addition funnel over 30 min. After 1.5 h, the
reaction mixture was allowed to warm to 0 C and quenched with 50 mL of 10% H2 S04
solution. The organic layer was separated and extracted with three 30-mL portions of
diethyl ether. The combined organic phases were washed with 40 mL of H2 0, two 30-
mL portions of saturated sodium potassium tartrate solution, and 50 mL of saturated
NaCl solution, dried over MgSO4, filtered, and concentrated to provide 4.26 g of a pale
yellow oil. Due to the ease of trimerization, no further purification was attempted on this
material. Spectral characteristics were consistent with those previously reported for this
compound.20
IR (film): 2953, 2829, 2725, 1721, 1450, 1397, 1362,
1309, 1281, 1130, 1077, 732, and 649 cm-1
1H NMR (300 MHz, CDC13): 9.73 (t, J = 1.5 Hz, 1 H), 3.47-3.52 (m, 2 H),
2.41-2.46 (m, 2 H), and 1.72-1.79 (m, 4 H)
13C NMR (75.5 Hz, CDC13): 201.7, 44.4, 42.9, 31.7, and 19.3
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2,2-Dimethyl-9-chloro-5-hydroxy-3-nonanone (9)
A 250-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, 60-mL pressure equalizing addition funnel, and rubber septum was charged with
diisopropylamine (5.4 mL, 3.90 g, 38.5 mmol) and 10 mL of THF, and cooled to 0 °C
while a solution of n-butyllithium (2.48 M in hexane, 15.0 mL, 37.0 mmol) was added
via syringe over ca. 2 min. After 5 min, the flask was cooled to -78 °C while a solution
of pinacolone (4.4 mL, 3.5 g, 35.0 mmol) in 40 mL of THF was added via the addition
funnel over 20 min. After 30 min, a solution of 5-chloropentanal (8) (4.26 g) in 30 mL of
THF was added rapidly via the addition funnel over ca. 2 min. After 2 h at -78 °C, the
reaction was quenched at 0 °C by the addition of 40 mL of saturated sodium bicarbonate
solution, and then diluted with 10 mL of diethyl ether. The aqueous phase was separated
and washed with two 15-mL portions of ether, and the combined organic layers were
washed with 20 mL of 1N HC1 solution, 25 mL of saturated sodium bicarbonate solution,
20 mL of water, and 20 mL of saturated NaCl solution, dried over MgSO4, filtered, and
concentrated to provide 7.06 g of the 13-hydroxy ketone, 9, as a colorless oil. This
material was used in the subsequent reaction without further purification.
IR (film): 3390, 2969, 2937, 2912, 2869, 1699, 1469,
1467, 1367, and 1068 cm-1
1H NMR (300 MHz, CDC13): 4.02-4.04 (m, 1 H), 3.57 (t, J = 6.6 Hz, 2 H), 3.33
(bs, 1 H), 2.69-2.76 (dd, J = 2.7, 17.9 Hz, 1 H),
2.52-2.61 (dd, J = 9.0, 17.9 Hz, 1 H), 1.79-1.86
(m, 2 H), 1.43-1.65 (m, 4 H), and 1.1 (s, 9 H)
13 C NMR (75.5 Hz, CDC13): 271.7, 67.5, 44.9, 44.4, 43.0, 35.6, 32.5, 26.3,
and 22.9
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(E)-2,2-Dimethyl-9-chloro-4-nonen-3-one (10)
A 100-mL, three-necked, round-bottomed flask equipped wtih an argon inlet
adapter, 25-mL pressure equalizing addition funnel, and rubber septum was charged with
the P-hydroxy ketone 9 (7.06 g), methanesulfonyl chloride (3.2 mL, 4.7 g, 41 mmol) and
40 mL of benzene and cooled to 0 °C, while a solution of DBU (11.5 mL, 11.7 g, 77
mmol) in 20 mL of benzene was added via the addition funnel over 10 min. After 4 h at
room temperature, the reaction mixture was poured into ca. 50 mL of 1N HC1 solution.
After 15 min, the aqueous layer was separated and washed with two 15-mL portions of
diethyl ether, and the combined organic layers were washed with 25 mL of 1N HC1
solution, 25 mL of saturated sodium bicarbonate solution, and 25 mL of saturated NaCl
solution, dried over MgSO4, filtered, and concentrated to afford 5.97 g of a pale yellow
oil. This material was used without further purification in the subsequent reaction. A
small sample of the crude product from another run was purified by column
chromatography on silica gel (elution with 0-5% EtOAc/hexane) to give 10 as a colorless
oil.
IR (film): 2960, 2870, 1689, 1625, 1468, 1362, 1299,
1074, and 982 cm- 1
1H NMR (300MHz, CDC13): 6.92 (dt, J = 6.9 15.2 Hz, 1 H), 6.51 (dt, J = 1.5,
15.2 Hz, 1 H), 3.55 (t, J = 6.5 Hz, 2 H), 2.25, (
app dq, J = 1.5, 7.2 Hz, 2 H), 1.76-1.83 (m, 2 H),
1.61-1.68 (m, 2 H), and 1.1 (s, 9 H)
13 C NMR (75.5 Hz, CDC13): 204.2, 146.3, 124.6, 44.6, 42.9, 32.0, 31.6, 26.2,
and 25.4
UV max (Hexane): 222 (e = 11,738)
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(E)-2,2-Dimethyl-9-iodo-4-nonen-3-one (11)
A 250-mL, one-necked, round bottomed flask fitted with a reflux condenser
equipped with an argon inlet was charged with sodium iodide (43.0 g, 290 mmol) and 80
mL of acetone. A solution of 10 (5.97 g) in 20 mL acetone was added, and the reaction
mixture was heated at reflux in the dark for 24 h. After cooling to room temperature, the
reaction mixture was concentrated and the residue was dissolved in 40 mL of diethyl
ether and 40 mL of water. The aqueous layer was separated and washed with two 20-mL
portions of ether, and the combined organic layers were washed with two 30-mL portions
of saturated sodium sulfite solution, and 30 mL of saturated NaCl solution, dried over
MgSO4, filtered, and concentrated to provide 8.06 g of a yellow oil. Column
chromatography on silica gel (elution with 0-5% EtOAc-hexane) provided 5.871 g (53%
overall from 7) of 11 as a colorless oil.
IR (film):
1H NMR (300MHz, CDC13):
13C NMR (75.5 Hz, CDC13):
UV max (Hexane):
HRMS for C1IH19IO:
2966, 2937, 2867, 1689, 1624, 1470, 1364,
1338, 1212, 1089, 993, 975 and 786 cm-l
6.91 (dt, J = 7.3, 15.3Hz, 1 H), 6.51 (dt, J = 1.4,
15.9 Hz, 1 H), 3.20 (t, J = 6.9 Hz, 2 H), 2.25 (app
dq, J = 1.4, 7.3 Hz, 2 H), 1.81-1.89 (m, 2 H),
1.57-1.64 (m, 2 H), and 1.1 (s, 9 H)
204.2, 146.3, 124.8, 42.9, 32.9, 31.3, 29.0, 26.2,
and 6.2
222 ( = 12,549)
m/e Calculated: 294.0481; Found: 294.0478
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E)-8-Chloro-3-octen-2-one (13)
A 50-mL, one-necked, round-bottomed flask equipped with a reflux condenser
fitted with an argon inlet was charged with 1-(triphenylphosphoranylidene)-2-propanone
12 (1.46 g, 4.60 mmol) and 20 mL of methylene chloride. The aldehyde 8 (0.555 g,
prepared by the reduction of 0.576 g (4.90 mmol) of 5-chlorovaleronitrile) was added in
one portion via syringe and the reaction mixture was allowed to stir at reflux for 3 h. The
resulting pale yellow mixture was stirred at room temperature for 12h, then concentrated.
The resulting off-white slurry was suspended in pentane, stirred for 30 minutes, then
filtered with the aid of 60 mL of pentane. The filtrate was extracted with 30 mL of water
and 30 ml of saturated NaCl solution, dried over MgSO4, filtered and concentrated to
provide 0.706 g of a pale yellow oil. This material was used in the subsequent reaction
without further purification. A small sample of the crude product was purified by column
chromatography on silica gel (elution with 0-15% EtOAc/hexane) to give 13 as a
colorless oil.
IR (film) 3006, 2938, 28641678, 1630, 1433, 1362,
1256, and 981 cm-1
1H NMR (300 MHz, CDC13): 6.79 (dt, J = 6.9, 16.0 Hz, 1 H), 6.10 (dt, J = 1.5,
16.0 Hz, 1 H), 3.56 (t, J = 6.5 Hz, 2 H), 2.25 (s,
3 H), 2.25 (app dq, J = 1.4, 7.3 Hz, 2 H), 1.77-
1.87 (m, 2 H), and 1.60-1.70 (m, 2 H)
13C NMR (75.5 MHz, CDC13): 198.4, 147.2, 131.7, 44.5, 31.9, 31.6, 26.9,
and 25.30
UV max (Hexane) 214 ( = 13,891)
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(E)-8-Iodo-3-octen-2-one (14)
A 100-mL, one-necked, round-bottomed flask fitted with a reflux condenser
equipped with an argon inlet adapter was charged with sodium iodide (6.60 g, 44.0
mmol) and 50 mL of acetone. A solution of 13 (0.706 g) in 10 mL of acetone was added
to the flask, and the reaction mixture was heated at reflux in the dark for 18 h. Upon
cooling to room temperature, the reacton mixture was concentrated and the residue was
dissolved in 25 mL of diethyl ether and 25 mL of water. The aqueous layer was
separated and washed with two 25-mL portions of diethyl ether, and the combined
organic layers were washed with two 25-mL portions of saturated sodium sulfite, 30 mL
of saturated NaCl solution, dried over MgSO4, filtered, and concentrated to provide 1.34
g of a yellow oil. Column chromatography on silica gel (elution with 0-15% EtOAc-
hexane) provided 0.782 g (63% overall from 7) of 14 as a colorless oil.
IR (film):
IH NMR (300 MHz, CDC13):
13C NMR (75.5 MHz, CDC13):
UV max (Hexane):
HRMS for C8H1 3IO:
3006, 2930, 2859, 1671, 1629, 1428, 1361,
1254, 1209, 1177 and 978 cm-1
6.79 (dt, J = 6.9, 15.7 Hz, 1 H), 6.10 (dt, J = 1.8,
15.7 Hz, 1 H), 3.20 (t, J = 6.8 Hz, 2 H), 2.26 (s,
3 H), 2.26 (app dq, J = 1.4, 7.4 Hz, 2 H),
1.81-1.89 (m, 2 H), and 1.58-1.66 (m, 2 H)
198.4, 147.1, 131.7, 32.7, 31.2,
28.9, 27.0, and 6.1
215 ( = 14,363)
m/e Calculated: 252.0011, Found: 252.0009
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(E)-Ethyl 7-Chloro-2-heptenoate (15)
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adaptor, 25-mL pressure equalizing addition funnel, and rubber septum was charged with
sodium hydride (60% dispersion in oil, 2.04 g, 51.0 mmol), which was then washed
sequentially with three 10-mL portions of pentane (5 min of stirring followed by removal
of the pentane via cannula). The resulting solid was suspended in 10 mL of THF and
cooled to 0°C, while a solution of triethylphosphonoacetate (7.34 mL, 8.30 g, 37.0 mmol)
in 25 mL of THF was added over 15 min via the addition funnel. After 30 min, a solution
of 8 (4.10 g, prepared by the reduction of 4.39 g (37.3 mmol) of 5-chlorovaleronitrile) in
5 mL of THF was added in one portion via the addition funnel and the reaction mixture
was allowed to stir at room temperature for 30 min. The reaction mixture was then
quenched with 20 mL of 1N HC1 solution and diluted with 20 mL of diethyl ether. The
aqueous layer was separated and washed with two 10-mL portions of diethyl ether, and
the combined organic layers were washed with 25 mL of aqueous 1N HC1 solution, three
25-mL portions of saturated sodium bicarbonate solution, two 20-mL portions of water
and 30 mL of saturated NaCl solution, dried over MgSO4, filtered and concentrated to
provide 6.51 g of a pale yellow oil. This material was used in the subsequent reaction
without further purification. A small sample of the crude product from another run was
purified by column chromatography on silica gel (elution with 0-15% EtOAc/hexane) to
give 15 as a colorless oil.
IR (film): 2983, 2942, 2867, 1718, 1655, 1451, 1310,
1270, 1188, 1044, and 982 cm-1
86
1H NMR (300 MHz, CDC13):
13C NMR (75.5 MHz, CDC13):
UV max (Hexane):
6.95 (dt, J = 7.1, 15.4 Hz, I H), 5.84 (dt, J = 1.5,
15.2 Hz, 1 H), 4.19 (q, J = 6.7 Hz, 2 H), 3.55 (t, J
= 6.3 Hz, 2 H), 2.25 (dq, J = 1.5, 7.3 Hz, 2 H),
1.77-1.84 (m, 2 H), 1.61-1.68 (m, 2 H), and 1.29
(t, J = 6.7 Hz, 3 H)
166.5, 148.1, 121.9, 60.1, 44.5, 31.8, 31.2,
25.2, and 14.2
206 ( = 11,635)
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(E)-Ethyl 7-Iodo-2-heptenoate (16)
A 250-mL, one-necked round-bottomed flask equipped with a reflux condenser
and argon inlet adapter was charged with sodium iodide (57.0 g, 380 mmol) and 50 mL
acetone. A solution of 15 (6.5 g) in 20 mL acetone was added and the reaction mixture
was heated at reflux in the dark for 24 h. Upon cooling to room temperature, the reaction
mixture was concentrated and the residue was dissolved in 50 mL of diethyl ether and 50
mL of water. The aqueous layer was separated and washed with two 20-mL portions of
ether, and the combined organic phases were washed with two 25-mL portions of
saturated sodium sulfite solution, 25 mL of water, and 30 mL of saturated NaCl solution,
dried over MgSO4, filtered and concentrated to provide 8.04 g of a yellow oil. Column
chromatography on silica gel (elution with 0-15% EtOAc/hexane) provided 6.614 g (62%
overall from 7) of 16 as a colorless oil.
IR (film):
1H NMR (300MHz, CDC13):
13C NMR (75.5 MHz, CDC13):
UV max (Hexane):
HRMS for C9H1 5I02 :
2935, 2880, 2862, 1717, 1654, 1451, 1368,
1309, 1270, 1215, 1183, 1042, and 979 cm-1
6.93 (dt, J = 7.0, 15.5 Hz, 1 H), 5.83 (d, J = 15.5
Hz, 1 H), 4.18 (q, J = 7.3 Hz, 2 H), 3.18 (t, J =
6.7 Hz, 2 H), 2.23 (dq, J = 1.3, 7.2 Hz, 2 H),
1.80-1.89 (m, 2 H), 1.56-1.63 (m, 2 H), and 1.28
(t, J = 7.3 Hz, 3 H)
166.5, 148.1, 121.9, 60.2, 32.7, 31.0, 28.8,
14.2, and 6.1
253 ( = 572), 204 (e = 14,492), and 197 ( =
14,477)
Calculated: 282.0117, Found: 282.0119
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7-Chloro-2-heptynoic acid (17)
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, rubber septum, and 25-mL pressure equalizing addition funnel, was charged with
diisopropylamine (3.25 g, 4.50 mL, 32.1 mmol) and 10 mL of THF and cooled at 0 °C,
while a solution of n-butyllithium (2.62 M in hexanes, 12.2 mL, 32.0 mmol) was added
dropwise via syringe over ca. 1 min. After 15 min the flask was cooled to -40 °C and a
solution of propiolic acid (0.92 mL, 1.04 g, 15.0 mmol) in 10 mL of HMPA was added
dropwise over 10 min via the addition funnel. The resulting mixture was stirred
vigorously at -15 C for 2 h, the cooling bath was then removed, and 4-chloro-1-
iodobutane (3.28 g, 15.0 mmol) was added in one portion via syringe. The reaction
mixture was allowed to stir for an additional 16 h at room temperature and then quenched
by the addition of 50 mL of water. The aqueous phase was separated, washed with two
20-mL portions of dichloromethane and then acidified to pH 1 with concentrated HC1
solution. The resulting solution was extracted with three 20-mL portions of diethyl ether,
and the combined ether layers were washed 20 mL of water, and 20 mL of saturated NaCl
solution, dried over MgSO4, filtered and concentrated to provide 1.70 g of a viscous oil.
This material was used in the subsequent reaction without further purification. A small
sample of the crude product from another run was purified by dissolving the crude
material in dichloromethane, trituration with pentane, filtration and concentration, to
afford 17 as a colorless oil.
IR (film): 3209, 2874, 2653, 2235, 1675, 1410, 1276,
1075, and 742 cm -1
91
1H NMR (300 MHz, CDC13):
13C NMR (75.5 MHz, CTC13):
IJV max (Methanol):
10.95 (bs, 1 H), 3.57 (t, J = 6.3 Hz, 2 H), 2.43 (t,
J = 6.3 Hz, 2 H), 1.87-1.94 (m, 2 H), and 1.75-
1.82 (m, 2 H)
157.9, 91.5, 73.0, 44.1, 31.3, 24.6, and 18.1
206 ( = 5,580)
92
--1;0
0 -.",
u
l
93
0
-0
- Mo
-0
ru
I
-
I
mm mL-
i
I
---- Ummq0=:!!E-:
CO 2H
lll
CO2Me
c\
Methyl 7-Chloro-2-heptynoate (18)
A 50-mL, one-necked, round-bottomed flask fitted with an argon inlet adapter
was charged with 17 (1.70 g), potassium carbonate (1.54 g, 11.1 mmol), methyl iodide
(3.63 mL, 8.28 g, 58.3 mmol) and 25 mL of DMF. The reaction mixture was allowed to
stir in the dark for 24 h, and then was quenched with 50 mL of water and diluted with 50
mL of diethyl ether. The aqueous layer was separated and washed with two 20-mL
portions of diethyl ether, and the combined organic layers were washed with 20 mL of
water and 20 mL of saturated NaCl solution, dried over MgSO4, filtered and concentrated
to provide 1.85 g of a pale yellow oil. This material was used in the subsequent reaction
without further purification. A small sample of the crude product was purified by column
chromatography (elution with 0-10% EtOAc/hexane), to give 18 as a colorless oil.
IR (film):
1H NMR (300 MHz, CDC13):
13 C NMR (75.5 MHz, CDC13):
UV max (Hexane):
3002, 2953, 2915, 2873, 2237, 1714, 1436,
1270, 1251, 1077 and 753 cm - l
3.78 (s, 3 H), 3.58 (t, J = 6.5 Hz, 2 H), 2.41 (t, J
= 7.1 Hz, 2 H), 1.88-1.95 (m, 2 H), and 1.74-1.82
(m, 2 H)
154.1, 88.6, 73.4, 52.6, 44.2, 31.3, 24.7, and
18.0
213 ( = 3,763), 205 ( = 5,249), and 197
( = 4,615)
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Methyl 7-Iodo-2-heptvnoate (19)
A 100-mL, one-necked, round-bottomed flask equipped with a reflux condenser
and argon inlet adapter was charged with sodium iodide (7.87 g, 52.5 mmol) and 70 mL
acetone. A solution of 18 (1.83 g) in 10 mL acetone was added, and the reaction mixture
was heated at reflux in the dark for 24 h. Upon cooling to room temperature, the reaction
mixture was concentrated and the residue was dissolved in 30 mL of diethyl ether and 30
mL of water. The aqueous layer was separated and washed with two 25-mL portions of
ether, and the combined organic layers were washed with 30 mL of saturated sodium
sulfite solution, 30 mL of water, and 30 mL of saturated NaCI solution, dried over
MgSO 4, filtered and concentrated to provide 2.204 g of a pale yellow oil. Column
chromatography on silica gel (elution with 0-10% EtOAc/hexane) provided 1.404 g (33%
overall from propiolic acid) of 19 as a colorless oil.
IR (film):
11 NMR (300 MHz, CDC13):
13C NMR (75.5 MHz, CDC13):
UV max (Hexane):
HRMS for C8sH1O0 2
3000, 2949, 2840, 2236, 1713, 1433, 1253,
1076, and 752 cm-1
3.79 (s, 3 H), 3.23 (t, J = 6.8 Hz, 2 H), 2.41 (t, J
= 7.0 Hz, 2 H), 1.95-1.99 (m, 2 H), and 1.71-1.76
(m, 2 H)
154.0, 88.5, 73.4, 52.5, 32.1, 17.6, and 5.3
255 (e = 509), 213 (e = 4,616), 205 (e = 6,448),
and 192 ( = 8960)
Calculated: 265.9804, Found: 265.9802
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6-(3-Chloropropyl)-3-ethoxy-2-cyclohexen-l-one (21)
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, rubber septum, and 25-mL pressure equalizing addition funnel was charged with
diisopropylamine (4.60 mL, 3.34 g, 33.0 mmol) and 3 mL of THF and cooled at 0 °C,
while a solution of n-butyllithium (2.62 M in hexanes, 12.2 mL, 32.0 mmol) was added
dropwise via syringe over ca. 2 min. After 15 min, the flask was cooled to -78 °C and a
solution of 3-ethoxy-2-cyclohexen-1-one (20) (4.40 mL, 4.24 g, 30.2 mmol) in 7 mL of
THF was added via the addition funnel over 30 min. After an additional 30 min., HMPA
(13.0 mL, 13.39 g, 74.7 mmol) was added in one portion via syringe. The cooling bath
was removed, and 3-chloro-l-iodopropane (3.90 mL, 7.43 g, 36.3 mmol) was added in
one portion via the addition funnel. After 2 h, the reaction mixture was quenched by the
addition of ca. 50 mL of 1N HCl and diluted with 20 mL of diethyl ether. The aqueous
phase was separated and washed with two 25-mL portions of ether, and the combined
organic phases were washed with two 20-mL portions of saturated sodium bicarbonate
solution, two 20-mL portions of water and 30 mL of saturated saturated NaCl solution,
dried over MgSO4, filtered and concentrated to provide a yellow oil. Column
chromatography on silica gel (elution with 0-15% EtOAc-hexane) provided 5.23 g (80%)
of 21, as a pale yellow oil.
IR (film): 2938, 2872, 1653, 1606, 1447, 1372, 1307,
1232, 1190, 1040, 905, 818, 733, and 648 cm- l
1H NMR (300 MHz, CDC13): 5.32 (s, 1 H), 3.90 (q, J = 7.0Hz, 2 H), 3.53-3.61
(m, 2 H), 3.26-3.30 (m, RI), 2.45 (dd, J = 5.4,
7.0 Hz, 2 H), 2.18-2.27 (m, 1 H), 2.04-2.13 (m,
1 H), 1.69-2.01 (m, 4 H), 1.50-1.62 (m, 1 H), and
1.37 (t, J = 7.0 Hz, 3 H)
98
13 C NMR (75.5 MHz, CDC13):
UV max (Hexane):
HRMS for CllH1 7C102:
200.9, 176.7, 102.2, 64.2, 45.1, 44.6, 30.3,
28.1, 27.2, 26.6, and 14.1
238 ( = 16,952)
nm/e Calculated: 216.0917, Found: 216.0916
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4-(3-Chloropropyl)-2-cyclohexen-1-one (22)
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, rubber septum, and 60-mL pressure equalizing addition funnel was charged with
21, (5.23 g, 24.1 mmol) and 30 mL of dichloromethane and cooled to -78 °C while a
solution of diisobutylaluminum hydride (DIBAL; 1.0 M in hexanes, 30.0 mL, 30.0 mmol)
was added dropwise via the addition funnel over 40 min. After 30 min., the reaction
mixture was allowed to warm to 0 °C and then poured into 50 mL of aqueous N HC1
solution cooled at 0 °C. The resulting mixture was stirred vigorously and warmed to
room temperature over ca. 30 minutes. The aqueous phase was separated and washed
with two 25-mL portions of dichloromethane, and the combined organic phases were
washed with two 30-mL portions of water, and 30 mL of saturated NaCl solution, dried
over MgSO4, filtered and concentrated to provide 4.27 g of a pale yellow oil. This
material was used without further purification in the next reaction. A small sample of the
crude product was purified by column chromatography (elution with 0-15%
EtOAc/hexane), to give 22 as a colorless oil.
IR (film) 2940, 2864, 1681, 1450, 1389, 1251, 1213,
868, and 751 cm-l1
1H NMR (300 MHz, CDC13): 6.84 (dm, J = 10.3 Hz, 1 H), 6.00 (dt, J = 2.5,
10.2 Hz, 1 H), 3.55 (t, J = 6.4 Hz, 2 H), 2.28-2.53
(m, 3 H), 2.07-2.14 (m, 1 H), 1.81-1.91 (m, 2 H),
and 1.49-1.75 (m, 3 H)
13 C NMR (75.5 MHz, CDC13): 199.4, 153.9, 129.4, 44.7, 36.8, 35.5, 31.8,
29.9, and 28.5
UV max (Hexane) 217 ( = 12,928)
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04-(3-Iodopropyl)-2-cvclohexene-1-one (23)
A 250-mL, round-bottomed flask equipped with a reflux condenser fitted with an
argon inlet adapter was charged with sodium iodide (16.5 g, 110 mmol) and 70 mL
acetone. A solution of 22 (4.15 g) in 30 mL acetone was added, and the reaction mixture
was heated at reflux in the dark for 24 h. After cooling to room temperature, the reaction
mixture was concentrated and the residue was dissolved in 40 mL of diethyl ether and 40
mL of water. The aqueous layer was separated and washed with two 30-mL portions of
ether, and the combined organic layers were washed with 30 mL of water, 30 mL of
saturated sodium sulfite solution, and 20 mL of saturated NaCl solution, dried over
MgSO4, filtered and concentrated to provide 5.02 g of a yellow oil. Column
chromatography on silica gel (elution with 0-15%EtOAc/hexane) provided 3.652 g (58%
overall from 21) of 23 as a colorless oil.
IR (film):
IH NMR (300 MHz, CDC13):
13C NMR (75.5 MHz, CDC13):
UV max (Hexane):
HRMS for C9H13IO:
2923, 2860, 1681, 1451, 1422, 1390, 1251,
1220, 1195, 854, and 757 cm -1
6.87 (dm, J = 10.2 Hz, 1 H), 6.03 (dd, J = 2.1,
10.2 Hz, 1 H) 3.26 (t, J = 6.8 Hz, 2 H), 2.35-2.60
(m, 3 H), 2.11-2.22 (m, 1 H), 1.92-2.02 (m, 2 H),
and 1.53-1.82 (m, 3 H)
199.4, 154.0, 129.4, 36.8, 35.3, 35.2, 30.7,
28.5 and 6.0
252 ( = 466) and 217 ( = 12,726)
m/e Calculated: 264.0011, Found: 264.0009
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6-(4-Chlorobutyl)-3-ethox-2-cyclohexen-1-one (24)
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, rubber septum, and a 60-mL pressure equalizing addition funnel, was charged
with diisopropylamine (3.50 mL, 2.53 g, 25.0 mmol) and 4 mL of THF and cooled at 0
°C, while a solution of n-butyllithium (2.62 M in hexanes, 9.0 mL, 23.6 mmol) was added
dropwise via syringe over ca. 2 min. After 15 min, the flask was cooled to -78 °C and a
solution of 3-ethoxy-2-cyclohexen-l-one (20) (3.27 mL, 3.15 g, 22.5 mmol) in 26 mL of
THF was added slowly via the addition funnel over 30 min. After 30 min., HMPA (10.30
g, 10.0 mL, 57.5 mmol) was added in one portion via syringe. The cooling bath was
removed, and 4-chloro-l-iodobutane (5.90 g, 27.0 mmol) was added in one portion.
After 4.5 h, the reaction mixture was quenched by the addition of ca. 50 mL of 1N HCI
solution and diluted with 20 mL of diethyl ether. The aqueous layer was separated and
washed with two 25-mL portions of ether, and the combined organic layers were washed
with two 20-mL portions of saturated sodium bicarbonate solution, two 20-mL portions
of water and 30 mL of saturated saturated NaCl solution, dried over MgSO4, filtered and
concentrated to provide a yellow oil. Column chromatography on silica gel (elution with
0-15% EtOAc-hexane) provided 4.14 g (80%) of 24 as a yellow oil, contaminated with
ca. 3% of 24a.
IR (film) 2985, 2941, 2864, 1652, 1607, 1453, 1380,
1360, 1314, 1230, 1189, 1044, and 818 cm-1
1H NMR (300 MHz, CDC13): 5.31 (s, 1 H), 3.89 (q, J = 7.0 Hz, 2 H), 3.55 (t, J
= 6.7 Hz, 2 H), 3.19 (t, RI), 2.43 (dd, J = 5.2, 7.2
Hz, 2 H), 2.03-2.23 (m, 2 H), 1.66-1.91 (m, 4 H),
1.33-1.59 (m, 3 H), and 1.36 (t, J = 7.1 Hz, 3 H)
105
13C NMR (75.5 MHz, CDC13):
UV max (Hexane)
HRMS for C12 H19C102
201.6, 177.1, 102.6, 64.6, 45.4, 45.3, 33.0,
29.1, 28.5, 26.6, 24.8, and 14.5
237 (£ = 16,419)
Calculated: 230.1074, Found: 230.1075
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4-(4-Chlorobutvl)-2-cyclohexen-1-one (25)
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, rubber septum, and a 60 mL pressure equalizing addition funnel was charged
with 24 (3.46 g, 15.0 mmol) and 20 mL of dichloromethane. The flask was cooled at -78
°C, and a solution of diisobutylaluminum hydride (DIBAL; 1.0 M in hexanes, 19.0 mL,
19.0 mmol) was added dropwise via the addition funnel over 10 min. After 1.5 h, the
reaction mixture was allowed to warm to 0 °C and poured into 50 mL of 1N HC1 solution
cooled at 0 °C. The resulting mixture was stirred vigorously and allowed to warm to
room temperature over ca. 30 minutes. The aqueous phase was separated and washed
with two 25-mL portions of CH2C12, and the combined organic phases were washed with
two 30-mL portions of water and 30 mL of saturated NaCl solution, dried over MgSO4,
filtered and concentrated to provide 2.73 g of a colorless oil, employed without further
purification in the next reaction. A small sample of the material was purified by column
chromatography (elution with 0-15% EtOAc/hexane), to provide 25 as a colorless oil.
IR (film): 3023, 2944, 2925, 2862, 1681, 1454, 1390,
1251, 1213, and 756 cm -1
1H NMR (300 MHz, CDC13): 6.86 (dm, J = 10.2 Hz, 1 H), 5.99 (dt, J = 1.6,
10.2 Hz, 1 H), 3.58 (t, J = 6.5 Hz, 2 H), 2.31-
2.55(m, 3 H), 2.11-2.17(m, 1 H), and 1.47-1.86
(m, 7 H)
13 C NMR (75.5 MHZ, CDC13): 199.7, 154.5, 129.2, 44.7, 36.9, 36.0, 33.8,
32.4, 28.5, and 24.2
UV max (Hexane): 351 ( = 11,484)
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4-(4-Iodobutyl)-2-cyclohexen-1-one (26)
A 100-mL, round-bottomed flask equipped with a reflux condenser fitted with an
argon inlet adapter was charged with sodium iodide (10.5 g, 70.0 mmol) and 70 mL
acetone. A solution of 25 (2.61 g) in 30 mL acetone was added, and the reaction mixture
was heated at reflux in the dark for 24 h. After cooling to room temperature, the reaction
mixture was concentrated and the residue was dissolved in 30 mL of ether and 30 mL of
water. The aqueous phase was separated and washed with two 20-mL portions of ether,
and the combined organic phases were washed with 30 mL of saturated sodium sulfite
solution and 30 mL of saturated NaCl solution, dried over MgSO4, filtered and
concentrated to provide 3.46 g of a yellow oil. Column chromatography on silica gel
(elution with 0-15% EtOAc/hexane) provided 2.503 g (63% overall from 24) of 26 as a
colorless oil.
IR (film):
1H NMR (300 MHz, C6 D6):
13C NMR (75.5 MHz, CDC13):
UV max (Hexane):
HRMS for C10H1 510:
2930, 2860, 1679, 1453, 1389, 1348, 1248,
1213, and 756 cm-l1
6.11 (dm, J = 10.5 Hz, 1 H), 5.94 (dd, J = 3.0,.
10.5 Hz, 1 H), 2.67 (t, J = 6.5 Hz, 2 H), 2.28 (dt,
J = 4.6, 16.4 Hz, 1 H), 1.92-2.03 (m, 1 H), 1.59
(bs, 1 H), 1.36-1.46 (m, 1 H), 1.22-1.32 (m, 2 H),
1.01-1.14 (m, 1 H), and 0.65-0.95 (m, 4 H)
199.6, 154.5, 129.1, 36.8, 35.9, 33.4, 33.1,
28.5, 27.8, and 6.6
254 (e = 514), and 217 ( = 13,362)
m/e Calculated: 278.0168, Found: 278.0165
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6-(5-Chloropentyl)-3-ethoxy-2-cyclohexen--one (28)
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, rubber septum, and 25-mL pressure equalizing addition funnel was charged with
diisopropylamine (3.1 mL, 2.2 g, 22 mmol) and 5 mL of THF and cooled to 0 °C while a
solution of n-butyllithium (2.62 M in hexane, 8.6 mL, 21 mmol) was added dropwise via
syringe over ca. 2 min. After 15 min, the flask was cooled to -78 °C and a solution of 3-
ethoxy-2-cyclohexen-l-one (2.90 mL, 2.79 g, 19.9 mmol) in 10 mL of THF was added
via the addition funnel over 30 min. After an additional 30 min, HMPA (7.0 mL, 7.2 g,
40 mmol) was added in one portion via syringe. The cooling bath was removed, and 5-
chloro-l-iodopentane (9.30 g, 40.0 mmol) was added in one portion. After 2.5 h, the
reaction mixture was quenched by the addition of ca. 20 mL of 1N HC1 solution and
diluted with 20 mL of diethyl ether. The aqueous layer was separated and washed with
two 15-mL portions of ether, and the combined organic layers were washed with 25 mL
of saturated sodium sulfite solution, two 20-mL portions of water and 25mL of saturated
saturated NaCI solution, dried over MgSO4, filtered and concentrated to provide a yellow
oil. Column chromatography on silica gel (elution with 15% EtOAc-hexane) provided
4.02 g (82%) of 28 as a yellow oil.
IR (film): 2930, 2866, 1656, 1609, 1456, 1367,
1228, 1189, 1030, and 819 cm-1
1H NMR (300 MHz, CDC13): 5.30 (s, 1 H), 3.88 (q, J = 7.4 Hz, 2 H), 3.53 (t, J =
7.2 Hz, 2 H), 2.42 (m, 2 H), 2.03-2.18 (m, 2 H),
1.71-1.84 (m, 4 H), 1.33-1.55 (m, 5 H),
1.35 (t, J = 7.2 Hz, 3 H)
112
113C NMR (75.5 MHz, CDC13):
UV max (Hexane):
HRMS for C1 3H21 C102 :
201.4, 176.6, 102.1, 64.1, 45.0, 32.4, 29.3, 27.9,
26.9, 26.3, 26.2, and 14.1
237 ( = 15,100)
m/e Calculated 244.1230, Found: 244.1233.
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4-(5-Chloropentyl)-2-cyclohexen-1-one (29)
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, rubber septum, and a 60 mL pressure equalizing addition funnel was charged
with 28 (4.02 g, 16.4 mmol) and 40 mL of dichloromethane. The flask was cooled at -78
°C, and a solution of diisobutylaluminum hydride (DIBAL; 1.0 M in hexanes, 20.0 mL,
20.0 mmol) was added dropwise via the addition funnel over 30 min. After 3 h, the
reaction mixture was allowed to warm to 0 °C and poured into 50 mL of 1N HC1 solution
cooled at 0 C. The resulting mixture was stirred vigorously and allowed to warm to
room temperature over ca. 30 minutes. The aqueous phase was separated and washed
with two 25-mL portions of CH2C12, and the combined organic phases were washed with
two 30-mL portions of water, 25 mL of saturated sodium potassium tartrate solution, and
30 mL of saturated NaCl solution, dried over MgSO4, filtered and concentrated to
provide 3.063 g of a colorless oil. This material was used without further purification in
the next reaction. A small sample of the crude product was purified by column
chromatography (elution with 0-15% EtOAc/hexane), to provide 29 as a colorless oil.
IR (film): 2935, 2860, 1681, 1453, 1389, 1250,
1210, 728, and 648 cm - 1
1H NMR (300 MHz, CDC13): 6.79 (dm, J = 10.2 Hz, 1 H), 5.91 (dm, J = 10.2 Hz,
1 H), 3.49 (t, J = 6.6 Hz, 2 H), 2.24-2.47 (m, 3 H),
2.02-2.10 (m, 1 H), and 1.34-1.76 (m, 9 H)
13C NMR (75.5 MHz, CDC13): 199.7, 154.8, 129.0, 44.9, 36.9, 35.9, 34.4, 32.4,
28.5, 26.8, and 26.2
UV max (Hexane): 218 ( = 13,700)
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4-(5-Iodopentyl)-2-cyclohexen-1-one (30)
A 100-mL, round-bottomed flask equipped with a reflux condenser fitted with an
argon inlet adapter was charged with sodium iodide (22.5 g, 150 mmol) and 70 mL
acetone. A solution of 29 (3.06 g) in 30 mL acetone was added, and the reaction mixture
was heated at reflux in the dark for 18 h. After cooling to room temperature, the reaction
mixture was concentrated and the residue was dissolved in 30 mL of ether and 30 mL of
water. The aqueous phase was separated and washed with two 20-mL portions of ether,
and the combined organic layers were washed with 30 mL of saturated sodium sulfite
solution and 30 mL of saturated NaCI solution, dried over MgSO4, filtered and
concentrated to provide 4.03g of a yellow oil. Column chromatography on silica gel
(elution with 0-10% EtOAc/hexane) provided 2.989 g (62% overall from 28) of 30 as a
colorless oil.
IR (film):
1H NMR (300 MHz, CDC13):
13C NMR (75.5 MHz, CDC13):
UV max (hexane):
HRMS for C1 1H 17IO:
2928, 2857, 1681, 1453, 1389, 1249,
1209, and 847 cm-l
6.84 (dm, J = 10.2 Hz, 1 H), 5.98 (dm, J = 10.2 Hz,
1 H), 3.20 (t, J = 7.0 Hz, 2 H), 2.36-2.87 (m, 3 H),
2.01-2.08 (m, 1H), 1.83-1.88 (m, 2 H), 1.64-1.74
(m, 1 H), 1.40-1.53 (m, 6 H)
199.6, 154.8, 128.9, 36.8, 35.8, 34.2, 33.1, 30.3,
28.4, 25.2, and 6.8
255 ( = 420) and 218 (£ = 11,800)
m/e Calculated 292.0324, Found 292.0324.
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3-(Mesyloxy)-2-cyclohexen-1-one (32)
A 500-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with 1,3-cyclohexanedione (31)
(5.82 g, 51.7 mmol) and 200 mL of dichloromethane. While stirring vigorously,
methanesulfonyl chloride (5.92 g, 4.00 mL, 51.7 mmol) was added rapidly via syringe,
followed by anhydrous potassium carbonate (21.4 g, 155 mmol). After 2 h, the reaction
mixture was quenched by adding 100 mL of water. The aqueous phase was separated and
washed with two 20-mL portions of dichloromethane, and the combined organic layers
were washed with 30 mL of water and 30 mL of saturated NaCl solution, dried over
MgSO4, filtered and concentrated to provide 8.3 g of an unstable, off-white solid. This
material was used directly in the subsequent reaction without further purification. A
small sample of the crude product was purified by column chromatography (elution with
0-25% EtOAc/hexane), to provide 32 as an unstable white solid (mp 42-43 °C). Spectral
characteristics were consistent with those previously reported for this compound.3 9
IR (film): 2941, 2885, 1687, 1632, 1378, 1336, 1106,
1094, 1106, 1094, 969, and 896 cm-l
IH NMR (300 MHz, CDC13): 6.04 (t, J = 1.3 Hz, 1 H), 3.22 (s, 3 H), 2.62 (dt, J =
1.2, 6.2 Hz, 2 H), 2.41-2.44 (m, 2 H), and 2.08
(app pent, J = 6.2 Hz, 2 H).
13 C NMR (75.5 MHz, CDC13): 198.3, 167.6, 116.3, 39.0, 36.4, 28.6, and 20.8
UV (Hexane): 226 ( = 9,369)
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3-Iodo-2-cvclohexen-1-one (33)
A 500-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, and rubber septum was charged with 32 (7.0 g, 37 mmol) and 220 mL of
dichloromethane. While stirring vigorously, benzyltriethylammonium iodide (29.5 g,
92.5 mmol) was added, followed by boron trifluoride etherate (5.25 g, 4.60 mL, 37
mmol) in one portion via syringe, and the reaction mixture was allowed to stir for 40
minutes. The reaction mixture was quenched with 50 mL of water, the aqueous phase
was separated and washed with two 20-mL portions of dichloromethane, and the
combined organic layers were washed with 50 mL of water and 50 mL of saturated NaCl
solution, dried over MgSO4, filtered and concentrated to provide a highly viscous oil.
Filtration through silica gel, with the aid of 20% diethyl ether in hexane and
concentration provided 7.64 g of an unstable yellow oil. This material was used directly
in the subsequent reaction without further purification. A small sample of the crude
product was purified by column chromatography (elution with 10% EtOAc/hexane), to
provide 33 as an unstable pale yellow oil. Spectral characteristics were consistent with
those previously reported for this compound.3 9
IR (film): 2938, 2868, 1686, 1665, 1592, 1419, 1328,
1279, 1234, 1181, 1133, 965, and 885 cm-1l
1H NMR (300 MHz, CDC13): 6.81 (t, J = 1.4 Hz, 1 H), 2.91-2.97 (m, 2 H), 2.41-
2.44 (m, 2 H), and 2.01-2.10 (m, 2 H).
13C NMR (75.5 MHz, CDC13): 195.0, 140.6, 126.9, 40.5, 36.5, and 23.9
UV (Hexane): 256 ( = 11,438) and 213 (e = 15,352)
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3-(4-Chlorobutyl)-2-cyclohexen-1-one (34)
A 100-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, 25-mL pressure equalizing addition funnel, and rubber septum was charged with
zinc dust (5.88 g, 90.0 mmol), 1,2-dibromoethane (0.775 mL, 1.69 g, 9.00 mmol) and 5
mL of THF, and the resulting mixture was heated (with a heat gun) until the THF just
beagn to reflux. The reaction mixture was allowed to cool to room temperature and then
heated in the same manner three more times. TMSC1 (0.57 mL, 0.489 g, 4.50 mmol) was
added dropwise via syringe. After 15 min, a solution of 4-chloro-l-iodobutane (9.18 g,
42.0 mmol) in 10 mL of THF was added dropwise over 20 min via the addition funnel,
while the temperature of the reaction mixture was maintained below 30 °C. The reaction
mixture was allowed to stir for 1.5 h, after which a hydrolyzed aliquot showed complete
consumption of the alkyl iodide by GC. Stirring was then halted to allow the excess zinc
to settle.
A 100-mL, three-necked round-bottomed flask equipped with an argon inlet
adaptor, rubber septum, and glass stopper, was charged with LiCl (3.56 g, 84.0 mmol),
CuCN (3.76 g, 42.0 mmol) and 40 mL of THF and then cooled to -20 C while the
solution of the organozinc reagent prepared above was added via cannula. After 5 min,
the flask was cooled to -60°C while 3-iodo-2-cyclohexen-l-one (5.10 g) was added in
one portion via syringe. The reaction mixture was allowed to warm to -300 C, stirred at
-30°C for 1.5 h, then allowed to warm to room temperature over 2 h. The resulting
mixture was quenched by the addition of 30 mL of 1N HCl solution and diluted with 30
mL of diethyl ether. The aqueous layer was separated and washed with two 25-mL
portions of diethyl ether, and the combined organic layers were washed with two 50-mL
123
portions of saturated ammonium chloride solution, 30 mL of water, and 30 mL of
saturated NaCI solution, dried over MgSO4, filtered and concentrated to provide 4.3 g of
a pale yellow oil. This material was used in the subsequent reaction without further
purification. A small sample of the crude product was purified by column
chromatography (elution with 0-15% EtOAc/hexane), to provide 34 as a colorless oil.
IR (film):
1H NMR (300MHz, CDC13):
13C NMR (75.5 MHz, CDC13):
UV (Hexane)
2938, 2871, 1666, 1626, 1456, 1424, 1300,
1250, 1192, 1129, and 889 cm-l
5.88 (t, J = 1.5 Hz, 1 H), 3.56 (t, J = 6.5 Hz, 2 H),
2.24-2.39 (m, 6 H), 1.96-2.04 (m, 2 H), 1.75-1.85
(m, 2 H), and 1.62-1.73 (m, 2 H)
199.6, 165.3, 125.9, 44.5, 37.3, 37.1, 31.9,
29.5, 24.1, and 22.7
223 (e = 13,440)
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3-(4-lodobutyl)-2-cyclohexen-1-one (35)
A 100-mL, one-necked, round-bottomed flask equipped with a reflux condenser
fitted with an argon inlet adapter was charged with sodium iodide (34.5 g, 230 mmol) and
70 mL acetone. A solution of 34 (4.3 g) in 30 mL acetone was added, and the reaction
mixture was heated at reflux in the dark for 24 h. After cooling to room temperature, the
residue was dissolved in 30 mL of ether and 30 mL of water . The aqueous layer was
separated and washed with two 20-mL portions of ether, and the combined organic
phases were washed with 30 mL of saturated sodium sulfite solution, and 30 mL of
saturated NaCl solution, dried over MgSO4, filtered and concentrated to provide 6.087 g
of a yellow oil. Column chromatography on silica gel (elution with 0-15%
EtOAc/hexane) provided 4.670 g ( 57% overall from 31) of 35 as a colorless oil.
IR (film):
IH NMR (300 MHz, CDC13):
13C NMR (75.5 MHz, CDC13):
UV (hexane):
HRMS for CloH 15IO:
2925, 2867, 2830, 1665, 1625, 1455, 1424,
1349, 1324, 1251, 1213, 1196, and 890 cm -l
5.88 (t, J = 1.5 Hz, 1 H), 3.20 (t, J = 6.7 Hz, 2 H),
2.34-2.39 (m, 2 H), 2.22-2.31 (m, 4 H), 1.96-2.04
(m, 2 H), 1.79-1.88 (m, 2 H), and 1.58-1.69 (m,
2 H)
199.5, 165.2, 125.9, 37.2, 36.7, 32.6, 29.5,
27.6, 22.6, and 6.1
224 ( = 15,878)
nm/e Calculated: 278.0168, Found: 278.0165
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1-Cyclopentyl.-3,3-dimethyl--2-butanone (37)
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet, 10
mL pressure equalizing addition funnel, and rubber septum was charged with lithium
(0.032 g, 4.61 mmol), naphthalene (0.615 g, 4.80 mmol) and 3 mL of THF. After 2.5 h, a
solution of zinc chloride (0.327 g, 2.40 mmol) in 5 mL of THF was added via addition
funnel over 15 min to the blue-green solution of lithium naphthalenide. A dark gray
suspension of active zinc metal formed immediately. To this mixture was then added in
one portion a solution of 11 (0.294 g, 1.00 mmol) in 4 mL of THF. After 1 h, the
reaction was quenched with 10 mL of 1N HC1 and diluted with 10 mL of diethyl ether.
The aqueous layer was separated and washed with three 20-mL portions of diethyl ether,
and the combined organic layers were washed with 20 mL of saturated sodium sulfite
solution and 20 mL of saturated saturated NaCl solution, dried over MgSO4, filtered and
concentrated. Column chromatography on silica gel (elution with 0-50%
CH2C12/hexane) provided 0.101 g (60%) of 37 as a colorless oil. Spectral characteristics
were consistent with those previously reported for this compound.4 8
IR (film): 2955,2869, 1704, 1469, 1401, 1366, 1147,
1060 and 996 cm-l
1H NMR (300 MHz, CDC13): 2.48 (d, J = 7.01 Hz, 2 H), 2.16-2.32 (m, 1 H),
1.74-1.85, (m, 2 H), 1.46-1.63 (m, 4 H), 1.09 (s,
9 H), and 0.94-1.07 (m, 2 H)
13C NMR (75.5 MHz, CDC13): 215.8, 44.0, 42.7, 35.3, 32.7, 26.3, and 25.0
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1-Cyclopentyl-2-propanone (38)
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, 10-mL pressure equalizing addition funnel, and rubber septum was charged with
lithium (0.136 g, 19.6 mmol), naphthalene (2.83 g, 22.1 mmol) and 15 mL of THF. After
2.5 h, the reaction vessel was cooled to 200C and a solution of zinc chloride (1.53 g, 11.2
mmol) in 15 mL THF was added over 10 min via addition funnel to the blue-green
solution of lithium naphthalenide. A dark gray suspension of active zinc metal formed
immediately. To this mixture was then added a solution of 14 (0.806 g, 3.20 mmol) in 10
mL of THF. After 50 min, the reaction mixture was quenched with 10 mL of IN HC1
solution and diluted with 10 mL of diethyl ether. The aqueous layer was separated and
washed with two 40-mL portions of diethyl ether, and the combined organic layers were
washed with two 20-mL portions of water, 15 mL of saturated saturated NaCl solution,
dried over MgSO4, filtered and concentrated. Column chromatography on silica gel
(elution with 0-3% EtOAc-hexane) provided 0.224 g (56%) of 35 as a colorless oil.
Spectral characteristics were consistent with those previously reported for this
compound. 7 7
IR (film): 2952, 2863, 1709, 1457, 1418, 1357, 1242,
1165, and 733 cm-l
1H NMR (300 MHz, CDC13): 2.45 (d, J = 7.2 Hz, 2 H), 2.13-2.31 (m, 1 H),
2.13 (s, 3 H) 1.76-1.88 (m, 2 H), 1.47-1.68 (m,
4 H), and 1.01-1.15 (m, 2 H)
13 C NMR (75.5 MHz, CDC13): 209.0, 50.0, 35.5, 32.5, 30.0, and 24.9
77Jaouhari, R.; Filliatre, C.; Maillard, B.; Villenave, J. J. Tetrahedron Lett. 1982, 38, 3137.
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Ethyl cyclopentylacetate (39)
A 50-mL, three-necked round-bottomed flask equipped with an argon inlet
adapter, 10-mL pressure equalizing addition funnel, and rubber septum was charged with
lithium (0.050 g, 7.20 mmol), naphthalene (1.03 g, 8.03 mmol) and 3 mL of THF. After
2.5 h, a solution of zinc chloride ( 0.545 g, 4.00 mmol) in 6 mL THF was added via the
addition funnel over 15 min to the blue-green solution of lithium naphthalenide. A dark
gray suspension of active zinc metal formed immediately. To this mixture was then
added in one portion a solution of 16 (0.564 g, 2.00 mmol) in 3 mL THF. After 30 min,
TMSC1 (0.635 mL, 0.544 g, 5.00 mmol) was added in one portion via syringe. After an
additional 23.5 h, the reaction mixture was quenched with 10 mL of IN HC1 solution and
diluted with 10 mL of diethyl ether. The aqueous layer was separated and washed with
two 10-mL portions of diethyl ether, and the combined organic layers were washed with
20-mL of saturated sodium sulfite solution and 20 mL of saturated NaCl solution, dried
over MgSO4, filtered and concentrated. Column chromatography on silica gel (elution
with 0-3% EtOAc/hexane) provided 0.128 g (41%) of a 9:1 mixture of 39 and 45. A pure
sample of 39 was obtained by column chromatography on silica gel (elution with 2-3%
EtOAc/hexane), with spectral characteristics consistent with those previously reported.78
IR (film): 2949, 2866, 1735, 1451, 1374, 1332, 1289,
1255, 1185, 1132, and 1035 cm-1
78 Hanessian, S.; Dhanoa, D. S.; Beaulieu, P. L. Can. J. Chem. 1987, 65, 1859.
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1H NMR (300 MHz, CDC13): 4.12 (q, J = 7.4 Hz, 2
1.88-1.76 (m, 2 H), 1
= 7.4 Hz, 3 H), and 1.
H), 2.32-2.17 (m, 3 H),
.67-1.51 (m, 4 H), 1.25 (t, J
22-1.11 (m, 2 H)
13C NMR (75.5 MHz, CDC13): 173.4, 60.0, 40.5, 36.5, 32.4, 25.0, and 14.2
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Methyl cyclopentylideneacetate (40)
A 50-mL, three-necked round-bottomed flask equipped with an argon inlet, 10-
mL pressure equalizing addition funnel and septum was charged with lithium (0.032 g,
4.6 mmol), naphthalene (0.641 g, 5.00 mmol) and 2 mL of THF. After 2.5 h, a solution
of zinc chloride ( 0.341 g, 2.50 mmol) in 5 mL of THF was added via the addition funnel
over 15 min to the blue-green solution of lithium naphthalenide. A dark gray suspension
of active zinc metal formed immediately. To this mixture was then added a solution of
19 (0.293 g, 1.10 mmol) in 3 mL THF. After 5 days, the reaction was quenched with 10
mL of 1N HC1 solution and diluted with 10 mL of diethyl ether. The aqueous phase was
separated and washed with two 10-mL portions of diethyl ether, and the combined
organic phases were then washed with 20-mL of saturated sodium sulfite solution and 20
mL of saturated NaCl solution, dried over MgSO4, filtered and concentrated. Column
chromatography on silica gel (elution with 0-3% EtOAc/hexane) provided 0.101 g of 40
(66%) as a colorless oil. Spectral characteristics were consistent with those previously
reported in the literature for this compound.79
IR (film):
1H NMR (300 MHz, CDC13):
13C NMR (75.5 MHz, CDC13):
UV max (Hexane):
2945, 2881, 2850, 1711, 1655, 1431, 1361,
1263, 1206, 1125, 1033, and 859 cm- 1
5.82-5.80 (m, 1 H), 3.69 (s, 3 H), 2.77 (bt, J =
7.5 Hz, 2 H), 2.44 (bt, J = 7.2 Hz, 2 H), and 1.62-
1.80 (m, 4 H)
169.5, 167.3, 111.2, 50.7, 35.9, 32.6, 26.4, and
25.5
217 ( = 12,078)
79 Wentrup, C.; Gross, G.; Berstermann, H-M; Lorancak, P. J. Org. Chem. 1985, 50, 2877.
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cis -5-drindanone (41)
cis -5-Hydrindanone (41)
A 50 mL, three necked, round-bottomed flask equipped with an argon inlet, 10
mL pressure equalizing addition funnel, and rubber septum was charged with lithium
(0.043 g, 6.2 mmol), naphthalene (0.833 g, 6.50 mmol) and 4 mL of THF. After 2.5 h, a
solution of zinc chloride ( 0.436 g, 3.20 mmol) in 6 mL of THF was added via the
addition funnel over 15 min to the blue-green solution of lithium naphthalenide. A dark
gray suspension of active zinc metal formed immediately upon addition. To this mixture
was added a solution of 23 (0.396 g, 1.5 mmol) in 2 mL of THF. After 1.0 h, the reaction
mixture was quenched with 10 mL of 1N HC1 solution and diluted with 10 mL of diethyl
ether. The aqueous layer was separated and washed with two 10-mL portions of diethyl
ether, and the combined organic phases were then washed with 20-mL of saturated
sodium sulfite solution, and 20 mL of saturated NaCI solution, dried over MgSO4,
filtered and concentrated. Column chromatography on silica gel (elution with 0-3%
EtOAc/hexane) provided 0.137 g of 41 (66%) as a colorless oil. Spectral characteristics
were consistent with those previously reported for this compound.52
IR (film) 2948, 2870, 1715, 1460, 1419, 1331, 1308,
1231, 1199, and 1154 cm- 1
lH NMR (300 MHz, C6D6 ): 2.14 (dd, J = 5.8, 14.2 Hz, 1 H), 2.05 (dt, J =
5.4, 16.3 Hz, 1 H), 1.80-1.96 (m, 3 H), 1.60-1.72
(m, 1 H), 1.36-1.54 (m, 4 H), 1.13-1.29 (m, 2 H),
and 0.95-1.12 (m, 2 H)
13C NMR (75.5 MHz, CDC13): 214.0, 43.3, 38.4, 38.3, 37.1, 32.6, 31.5, 27.2,
and 24.0
2,4 DNP Derivative: mp 173 °C (recrystallized from MeOH/CHC13) 54
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cis-2-Decalone (42)
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet, 10
mL pressure equalizing addition funnel, and rubber septum was charged with lithium
(0.033 g, 4.75 mmol), naphthalene (0.641 g, 5.00 mmol) and 2 mL of THF. After 2.5 h, a
solution of zinc chloride ( 0.341 g, 2.50 mmol) in 5 mL THF was added via the addition
funnel over 15 min to the blue-green solution of lithium naphthalenide. A dark gray
suspension of active zinc metal formed immediately. To this mixture was added in one
portion a solution of 26 (0.348 g, 1.25 mmol) in 3 mL THF via the addition funnel. After
30 min, TMSC1 (0.400 mL, 0.342 g, 3.15 mmol) was added in one portion via syringe.
After an additional 47.5 h, the reaction mixture was quenched with 10 mL of 1N HC1
solution and diluted with 10 mL of diethyl ether. The aqueous layer was separated and
washed with two 10-mL portions of diethyl ether, and the combined organic phases were
washed with 20 mL of saturated sodium sulfite solution and 20 mL of saturated NaCl
solution, dried over MgSO4, filtered and concentrated. Column chromatography on silica
gel (elution with 0-3% EtOAc/hexane) provided 0.097 g (51%) of the desired product as
a colorless oil. Spectral characteristics were consistent with those previously reported for
this compound. 53
IR (film) 2918, 2859, 1714, 1455, 1340, 1256, 1196, 1163,
and 1110 cm-1
1H NMR (300 MHz, CDC13): 2.22-2.36 (m, 4 H), 2.06-2.14 (m, 1 H), 1.90-2.04
(m, 3 H), and 1.42-1.77 (m, 9 H)
13C NMR (75.5MHz, C6D6): 209.1, 45.3, 39.3, 38.5, 34.9, 28.8, 28.6, 28.4,
23.9, and 23.1
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Spiro [4.51 decan-7-one (43)
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet, 25
mL pressure equalizing addition funnel, and rubber septum was charged with lithium
(0.199 g, 28.7 mmol), naphthalene (3.97 g, 31.0 mmol) and 10 mL of THF. After 2.5 h,
the reaction vessel was cooled to 20 C and a solution of zinc chloride (2.112 g, 15.50
mmol) in 20 mL THF was added dropwise via the addition funnel over 1 h to the blue-
green solution of lithium naphthalenide. A dark gray suspension of active zinc metal
formed immediately. To this mixture was added a solution of 32 (1.947 g, 7.00 mmol) in
5 mL THF in one portion via the addition funnel. After 24 h, the reaction mixture was
quenched with 20 mL of 1N HCl solution and diluted with 20 mL of diethyl ether. The
aqueous layer was separated and washed with two 20-mL portions of diethyl ether, and
the combined organic phases were washed with 30-mL of saturated sodium sulfite
solution and 30 mL of saturated NaCl solution, dried over MgSO4, filtered and
concentrated. Column chromatography on silica gel (elution with 0-3% EtOAc/hexane)
afforded 0.725 g of 43 (68%) as a colorless oil. Spectral characteristics were consistent
with those previously reported for this compound. 18
IR (film) 2955, 2936, 2861, 1708, 1450, 1426, 1311,
1284, 1228, and 1079 cm-1
1H NMR (300 MHz, CDCl3): 2.27-2.32 (dt, J = 1.4, 6.5 Hz, 2H), 2.24 (s, 2H),
1.82-1.90 (m, 2H), 1.61-1.68 (m, 6H), and 1.40-
1.45 (m, 4H)
13C NMR (75.5MHz, CDC13): 212.0, 53.3, 47.4, 41.3, 38.2, 36.8, 24.3, and
23.7
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cis -4-Methyl-5-hvdrindanone (62)
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet, 10
mL pressure equalizing addition funnel, and rubber septum was charged with lithium
(0.039 g, 5.62 mmol), naphthalene (0.769 g, 6.00 mmol) and 4 mL of THF. After 2.5 h, a
solution of zinc chloride ( 0.396 g, 3.00 mmol) in 6 mL of THF was added via the
addition funnel over 15 min to the blue-green lithium naphthalenide solution. A dark
gray suspension of active zinc metal formed immediately. To this mixture was added in
one portion a solution of 23 (0.396 g, 1.50 mmol) in 2 mL of THF via addition funnel.
After 1 h, the reaction vessel was cooled to -78 °C, and treated dropwise over 1 min with
a solution of methyllithium (1.43 M in hexane, 2.10 mL, 3.00 mmol), followed by methyl
iodide (0.467 mL, 1.07 g, 7.50 mmol). After 30 min, the cooling bath was removed and
the reaction mixture was stirred at room temperature for 2.5 h. The resulting mixture was
cooled to 0 C, quenched with 10 mL of 1N HCI solution and diluted with 10 mL of
diethyl ether. The aqueous layer was separated and washed with two 10-mL portions of
diethyl ether, and the combined organic phases were washed with 20-mL of saturated
sodium sulfite solution, and 20 mL of saturated NaCl solution, dried over MgSO4,
filtered, and concentrated. Column chromatography on silica gel (elution with 0-2%
EtOAc/hexane) provided 0.133 g of an 85:15 mixture of 62 and 65 (58%) as a colorless
oil.
IR (film): 2940, 2917, 2869, 1711, 1456, 1407, 1378, 1310,
and 1202 cm-1
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1H NMR (300 MHz, C 6D6):
13C NMR (75.5 MHz, CDC13):
Major Isomer:
Minor Isomer:
HRMS for C10 H16 0:
2.80 (p, J = 5.8 Hz, minor isomer), 2.08 (dt, J = 5.0,
17.3 Hz, 1 H), 1.83-1.98 (m, 1 H), 1.78 (J = 6.4,
10.9 Hz, 1 H), 1.52-1.69 (m, 3 H), 1.38-1.50 (m, 3
H), 1.17-1.34 (m, 2 H), 1.00-1.12 (m, 2 H), 1.04 (d,
J = 6.4 Hz, 3 H), and 1.01 (d, J = 6.8 Hz, minor
isomer)
215.3, 46.0, 45.0, 37.8, 37.6, 33.3, 32.7, 27.0, 25.2,
and 12.8
214.4, 47.6, 44.8, 38.7, 37.7, 30.8, 27.8, 26.3, 22.6,
and 12.6
m/e Calculated: 152.1201, Found: 152.1201
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(E)-4-Ethylidene-cis-5-hydrindanone (69)
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet, 10-
mL pressure equalizing addition funnel, and rubber septum was charged with lithium
(0.057 g, 8.21 mmol), naphthalene (1.16 g, 9.00 mmol) and 4 mL of THF. After 2.5 h, a
solution of zinc chloride (0.613 g, 4.50 mmol) in 6 mL of THF was added via the
addition funnel over 20 min to the blue-green solution of lithium naphthalenide. A dark
gray suspension of active zinc metal formed immediately. To this mixture was added a
solution of 23 (0.528 g, 2.00 mmol) in 2 mL of THF was added in one portion via
addition funnel. After 1 h, the reaction vessel was cooled to -78 °C while a solution of
methyllithium (1.43 M in hexane, 2.10 mL, 3.00 mL) was added via syringe over ca. 1
min. After 10 min, a solution of acetaldehyde (20.0 mL, 0.880 g, 1.16 mL) in 2 mL of
THF was added in one portion via the addition funnel and the reaction mixture was
stirred at -78 °C for 3 h. The reaction mixture was quenched at 0 °C with 10 mL of 1N
HC1 solution and diluted with 10 mL of diethyl ether. The aqueous phase was separated
and washed with two 10-mL portions of diethyl ether, and the combined organic layers
were washed with 20-mL of saturated sodium sulfite solution and 20 mL of saturated
NaCI solution, dried over MgSO4, filtered, and concentrated.
The residue was dissolved in 20 mL of benzene, a crystal of p-tolunesulfonic acid
was added and the resulting solution was stirred at room temperature for 12 h, and then
was quenched with 10 mL of water. The aqueous layer was seperatrd and washed with
two 10-mL portions of diethyl ether, and the combined organic layers were washed with
three 20-mL portions of water and 20 mL of saturated NaCl solution, dried over MgSO4,
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filtered, and concentrated. Column chromatography on silica gel (elution with 0-2%
EtOAc/hexane) provided 0.121 g of the desired product (37%) as a colorless oil.
IR (film): 2928, 2866, 1690, 1616, 1449, 1419, 1321, 1255,
1168, 1149, and 891 cm -1
1H NMR (300 MHz, CDC13):
13C NMR (75.5 MHz, CDC13):
UV max (hexane):
HRMS for CllH 1 6 0:
6.75 (dq, J = 1.3, 7.3 Hz, 1 H), 3.10 (bq, J = 8.1 Hz,
1 H), 2.43-2.52 (m, 1 H), 2.23-2.40 (m, 2 H), 1.87-
2.10 (m, 2 H), 1.54-1.80 (m, 5 H), 1.79 (d, J = 7.1
Hz, 3 H), and 1.25-1.39 (m, 1 H)
201.3, 139.5, 135.3, 40.4, 38.3, 37.6, 31.9, 25.9,
23.7, and 13.7
238 ( = 7091)
m/e Calculated: 164.1201, Found: 164.1201
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Part II
Reductive Coupling of Carbon Monoxide
on Group V Metal Centers
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CHAPTER 1
ntroduction and Background
The direct conversion of carbon monoxide into more complex organic molecules
remains a challenging and potentially rewarding goal for chemists. Carbon monoxide
represents one of the most basic builiding blocks available, yet is notoriously unreactive.
The most common method of lowering the energy barrier of reactivity for free CO is to
employ a transition metal, and there are a variety of industrial systems that allow for the
incorporation of carbon monoxide into an existing carbon skeleton.' In contrast,
however, there are relatively few examples where CO is employed as the unique carbon
source in the construction of larger organic fragments.2
Despite the potential range of products and ready availability of starting materials,
there exists only one transformation today that allows for the viable economic conversion
of carbon monoxide into a more common feed stock material, namely methanol. As
illustrated in Scheme I, this process is accomplished by using a combination of carbon
monoxide and hydrogen, also known as synthesis gas, and may be achieved with a
variety of heterogeneous catalysts.l 3
Scheme I
Cu-Zn-AI 20 3
-or-
Cu-Zn-Cr203CO + H2 - 0 CH30H250-300 °C
50-200 atm
' For reviews, see: (a) Frohning, C. D. New Synthesis with Carbon Monoxide Springer-Verlag: Berlin,
1980. (b) Sheldon, R. A.; Chemicals From Synthesis Gas D. Reidel: Dordrecht, 1983. (c) Henrici-Olive,
G.; Olive, S. The Chemistry of the Catalyzed Hydrogenation of Carbon Monoxide Springer-Verlag:
Berlin, 1984. (c) Gillies, M. T. C - Based Chemicals from Hydrogen and Carbon Monoxide Noyes Data
Corporation: Park Ridge, NJ, 1982. (d) Guczi, L. New Trends in CO Activation Elsevier: Amsterdam,
1991.
2 For reviews, see: (a) Sneeden, R. P. A. In Comprehensive Organometallic Chemistry; Wilkinson, G., Ed.;
Pergamon Press: Oxford, 1982, Vol. 8, pp 19-100. (b) Reference 1.
3 Hermann, W. A. Angew. Chem., Int. Ed. Engl. 1982, 21, 117 and references cited therein.
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Although the reaction described above represents quite a remarkable and
successful transformation, it allows for the incorporation of only one carbon monoxide
unit in the final organic product. More recent work has focused on the development of
catalytic systems that would allow for the incorporation of two or more carbon monoxide
units in the final product, providing an attractive route to highly oxygenated carbon
skeletons. Although much work has been done in this area, the systems described to date
often suffer from similar problems. The Fischer-Tropsch reaction,4 one of the most well-
known catalytic conversions of carbon monoxide into more complex organic products,
exemplifies many of the problems associated with these systems, as shown in Scheme II.
As with many of these systems, a wide distribution of products is obtained, ranging from
alkanes to aromatic compounds to carboxylic acids, thereby limiting its potential
industrial application. In addition, these systems are poorly understood mechanistically
and often lack sufficient kinetic control to circumvent the formation of low molecular
weight alkanes, which are thermodynamically favored over their oxygenated
counterparts.5 Although the Fischer-Tropsch reaction is employed industrially in certain
areas of the world, it generally viewed as an economically unfeasible process.
Scheme II
CH3(CH2 )nCH2OH + CH3(CH 2)nCH=CH 2
CO + H2 100-300 CI 3(CH2)nCHO + CH3(CH2)nCH3 +100-300 °C
CH3(CH 2)nCO2H + H20
There has also been a great deal of effort focused on developing systems that
allow for the direct conversion of syn gas to ethylene glycol. In these systems,
homogeneous catalysts have proven to be most effective. The first example was reported
as early as 1953, when researchers at DuPont reported that cobalt carbonyl complexes
4 For reviews, see: (a) Muetterties, E. L.; Stein, J. Chem. Rev. 1979, 79, 479. (b) Reference 1.
5 Whyman, R.; Gilhooley, K.; Rigby, S.; Winstanley, D. Industrial Chemicals via C1 Processes; American
Chemical Society: Washington, D.C., 1987, p 108.
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promoted the formation of ethylene glycol at high pressures. 6 Later work at Union
Carbide7 showed that soluble rhodium complexes were also effective catalysts, with
reports of up to 70% selectivity for the formation of thylene glycol over other common
products, such as methanol.8 Despite these remarkable achievements, the severe
conditions required for the reaction (temperatures of 200-250 °C; pressures of 1500-2000
bar) prohibit commercialization of such a process.
In conjunction with the work on developing more efficient catalytic processes,
there has also been extensive work on stoichiometric reactions that allow for the
conversion of carbon monoxide into higher molecular weight carbon-based products.
These studies often provide significant insight into the mechanism of related catalytic
systems, as well as help develop new, more selective catalysts. Of particular interest to
our group are systems that promote formation of products derived from the coupling of
two carbon monoxide units at a single metal center, where the newly formed C2 organic
fragment remains attached to the metal center. Although a variety of systems are
available for such a transformation, removal of the ligand from the metal center has
proven difficult in most of these systems, limiting the potential development of a catalytic
cycle. A full understanding of this chemistry, however, may help in the development of
systems for the selective, catalytic conversion of carbon monoxide into a variety of
organic compounds.
The conversion of two carbon monoxide molecules into polycarbon oxygenates
has received attention for over 150 years. The first reports were published as early as
1834, when Liebig discussed the preparation of 'potassium carbonyl' from carbon
monoxide and molten potassium.9 Later work by Biichnerl0 showed the product found
by Liebig to be the dipotassium salt of acetylenediolate, -OCE-CO- (eq 1), the parent of a
6 Gresham, W. F. US Patent 2,636,046 (1953).
7 (a) Pruett, R. L. Ann. N. Y. Acad. Sci. 1977, 295, 239. (b) Pruett, R. L. Ann. N. Y. Acad. Sci. 1977, 295,
239.
8 Dombek, B. D. J. Organomet. Chem. 1989, 372, 151.
9Liebig, J. Ann. Chem. Pharm. 1834, 11, 182.
10 Buchner, W. Helv. Chim. Acta 1963, 46, 2111.
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CO, A
K (molten) 3- KO - OK (1)
class of compounds known as oxocarbon dianions. Under the reaction conditions
described, however, aromatic compounds were the products typically isolated. As
indicated in Scheme III, all attempts to trap the acetylene intermediate as a diether were
met with failure. In most cases, reactions with electrophiles afforded either reaction at
Scheme III
0
R 3SiCIl NH4 CI(R3S% RS KO - OK - o0- H2N
liq NH3 liq NH3, 68% NH2
0
the carbon centers or oxygen abstraction, accompanied by decomposition. Treatment of
the intermediate with ammonium chloride did, however, provide good yields of
glycolamide. 12
More recently, there have been a number of reports describing the reductive
coupling of two carbon monoxide ligands on a variety of soluble transition metal
complexes under much milder conditions. As with the first reports by Liebig, these
systems also require a metal center as a source of electrons for the reduction of CO. The
newer systems, however, also supply an electrophilic trap, often the metal center itself, to
stabilize product formation. By remaining bound to the metal, the stability of the C2
fragment is greatly enhanced, allowing for the isolation of a variety of ligands that would
not be stable in their free state.
The most common method of effecting the reductive coupling reaction relies on a
high-valent, oxophilic metal alkyl or hydride complex. In these cases, the metal,
normally in an oxidation state providing a do electron configuration, is not capable of i-
11Serratosa, F. Acc. Chem. Res. 1983, 16, 170.
12Barber, J. Ph.D. Thesis, Massachusetts Institute of Technology, 1981.
153
backbonding to the CO ligands, resulting in a somewhat labile metal-carbon bond. In
addition, further activation of the system is provided from the preferred 2 bonding of the
high-valent metals to acyl type ligands. The oxophilic metal also provides stabiFlty to the
product complex via a strong metal-oxygen bond. The products of these reactions are
therefore normally isolated as enediolates bound to the metal center through the two
oxygens (Scheme IV).
Scheme IV
R 0 RCO
LnM\ LnM 
R O R
The first report of such a system involved the addition of CO to the dimethyl
zirconocene complex 1 to provide the chelating butenenediolate (eq 2).13 Later work
revealed similar reactivity with a variety of group 4 and 5 dialkyl transition metal
complexes, as well as lanthanides and actinides. Mechanistically, two different pathways
O Me
MCp2 Zr CO > Cp* 2Zr j (2)
Me 0 Me
1 2
have been proposed for the formation of the observed products. As illustrated in Scheme
V, the first relies on CO insertion into each of the metal-carbon bonds to generate a bis-
acyl complex 3, presumably bound in an r12 fashion. Collapse of the intermediate with
concomitant carbon-carbon bond formation would provide the observed products.
13 Manriquez, J. M.; McAlister, D. R.; Sanner, R. D.; Bercaw, J. E. J. Am. Chem. Soc. 1978, 100, 2716.
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Similar compounds have been isolated when the bis-amide complexes 4 and 5 are treated
with carbon monoxide, although coupling of the two ligands in complexes 6 and 7 could
not be induced (eq 3).14
Cp* 2Mx
NR 2
4 M=Th
5 M=U
CO
50-60%
R =Me, Et
O% m
..,C- NR2cp*2 -i c
6 M=Th
7 M=U
(3)
Alternatively, it has been proposed that the reaction proceeds via insertion of CO
into one of the metal-alkyl bonds to provide an r12-acyl intermediate, as indicated above.
Addition of a second molecule of carbon monoxide to the metal center, however, results
in alkyl migration to the acyl ligand (8), coupling of the two ligands (9) and subsequent
alkyl migration to provide the enediolate coordinated to the metal through the oxygens, as
outlined in Scheme VI. Evidence for such a pathway comes mainly from studies done
with a series of hafnocene complexes. Bercaw 15 has shown that hafnocene alkyl hydrides
will participate in the reductive coupling reaction following the mechanism outlined
14Fagan, P. J.; Manriquez, J. M.; Vollmer, S. H.; Day, C. S.; Day, V. W.; Marks, T. J. J. Am. Chem. Soc.
1981, 103, 2206.
15Roddick, D. M.; Bercaw, J. E. Chem. Ber. 1989, 122, 1579.
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above. Thus, treatment of complex 10 with one equivalent of carbon monoxide provides
the acyl complex 11. Addition of a second equivalent of carbon monoxide at low
temperature results in an r12-aldehyde intermediate, 12, which undergoes the coupling
reaction upon warming to provide the product 13 (eq 4).
CO P*2
H
11
'n COI co
-78 C
R
'H
1
CP*2Hfo I
13
One of the major disadvantages in systems described above, as well as related
ones that provide two metal centers in the final product, is that the newly formed ligand is
bound to the metal center through the oxygen atoms. Such systems suffer in that removal
of the coupled product may no longer be facilitated by the presence of a reactive metal-
carbon bond. In addition, the oxophilicity of the metals employed in these cases often
makes removal of the ligand more difficult and the free product often may not be stable to
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R
Cp*2Hf\
H
10
R
,p 2Hf\ H
CO
12
R = CH2 CHMe2 , Ph
(4)
I
the necessary reaction conditions. The acidic conditions employed are normally
deleterious for the metal center as well, resulting in significant decomposition and
oxidation. Although these systems provide a successful route for reductive coupling,
they are somewhat limited by the relatively harsh conditions necessary for subsequent
removal of the desired C2 ligand. Thus, removal of the ligand from 14 requires treatment
with sulfuric acid, providing evidence for the formation of 15 (eq 5).16
e0
Cp"2ThdO X H2 S04 Mee (5)
0 Me OH
OH
14 15
Detetcted
by GC-MS
Work in our laboratory has also focused on developing systems that would allow
for the reductive coupling of carbon monoxide.17 In contrast to the high valent systems
described above, however, we have employed electron rich metal centers as the site of the
reaction. It was felt that such an approach would afford the new ligand bound through
the carbon atoms rather than the more common metal-oxygen bond. This feature, in turn,
would perhaps provide a more reliable mode for removing the C2 fragment from the
metal center. The first studies of the reductive coupling reaction employed transition
metal isocyanide complexes.l8 In addition to being isoelectronic with carbon monoxide,
isocyanides are more reactive than CO and can be readily tuned both sterically and
electronically by varying the substituent on nitrogen. The results and conclusions from
these studies are summarized below.
16Tatsumi, K.; Nakamura, A.; Hofman, P.; Hoffmann, R.; Moloy, K. G.; Marks, T. J. J. Am. Chem. Soc.
1986, 108, 4467.
17For a recent review of work in our laboratory, see; Carnahan, E. M.; Protasiewicz, J. D.; Lippard, S. J.
Acc. Chem. Res. 1993, 26, 90.
18Lam, C. T.; Corfield, P. W. R.; Lippard, S. J. J. Am. Chem. Soc. 1977, 99, 617.
157
The first hypothesis that developed was that high coordinate metal complexes
were necessary for successful carbon-carbon bond formation. This idea is readily
understood if one considers that the non-bonding distance between two cis ligands in the
complex will decrease as the coordination number increases. As summarized in eq 6, the
initial discovery of the reductive coupling reaction in our laboratory resulted from
treatment of the seven coordinate molybdenum complex 16 with zinc in wet THF,
providing the coupled product 17 in excellent yields.19 Later work expanded this
reaction to include other group 6 complexes [M(NCR)6 X]+ (M = Mo, W, R = alkyl, X =
C1, Br, CN), as well as complexes with bipyridine20 and phosphine ligands.21
NtBu 7 + NtBu 7 +
III III i-
c f Nc B Zn , c H
'00e I I- M U (6)
N uN ii 'BuN C NtBuN NBu tBuN 'I 'N tBu
NtBu NtBu
16 17
Secondly, it was concluded that a low valent, electron-rich metal center was
necessary to induce the reductive coupling reaction. One of the key steps in all such
coupling reactions is attack by the ligand heteroatom on an appropriate electrophile. One
can imagine that, as the amount of electron density is increased at the metal center, this
property will be reflected by the nucleophilicity of the heteroatom. This theory was
corroborated by the observation that the group 7 complexes of the type [M(CNR)6X] 2+
(M = Tc, Re, R = alkyl, X = C1, Br) were not successful participants in the reductive
19(a) Lam, C. T.; Novotny, M.; Lewis, D. L.; Lippard, S. J. Inorg. Chem. 1978, 17, 2127. (b)
Giandomenico, C. M.; Lam, C. T.; Lippard, S. J. J. Am. Chem. Soc. 1982, 104, 1263.
2 0 Warner, S.; Lippard, S. J. Organometallics 1986, 5, 1716.
2 1Carmona, E.; Contreras, L.; Gutierrez-Puebla, E. Inorg. Chem. 1990, 29, 700.
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coupling reaction, yielding only the reduction products, 19, (eq 7),22 whereas their group
6 counterparts provided the coupled product.
Zn
a+ ZnR)6Xe aq. THF [M(CNR)6] + (7)aq. THF
18 M = Tc, Re 19
Finally, it was observed that the presence of an electrophile, a proton source in the
early coupling reactions of isocyanides, was necessary in order to trap and stabilize the
newly formed acetylene product. In addition, it was postulated that the presence of a
Lewis acid might also promote the reaction by coordinating to the heteroatoms of the
ligands of interest, perhaps further decreasing the distance between the two carbon atoms
as well as increasing the overall reactivity of the system. 23
With these parameters in mind, work shifted to finding systems that would
promote the reductive coupling of two carbon monoxide molecules. By using the criteria
outlined above as a method for selecting the appropriate systems, the chemistry was
successfully extended. The compounds chosen as candidates for this chemistry were the
known group 5 complexes [M(CO)2(dmpe) 2C1] (M = Nb, Ta).2 4 In addition to being
seven coordinate, the metal centers exhibit a high degree of electron density, as revealed
by the carbonyl region of the infrared spectrum, which exhibited two stretches at 1820
and 1750 cm-1. These values are shifted significantly from the normal range for terminal
CO ligands in a neutral molecule,2 5 usually 1900-2200 cm-l. Indeed, when the tantalum
complex 20 was treated with an appropriate reducing agent in the presence of
2 2 Farr, J. P.; Abrams, M. J.; Costello, C. E.; Davison, A.; Lippard, S. J.; Jones, A. G. Organometallics
1985, 4, 139.
23Bianconi, P. A. Ph. D. Thesis, Massachusetts Institute of Technology, 1986.
24 (a) Datta, S.; Wreford, S. S. Inorg. Chem. 1977, 16, 1134. (b) Burt, R. J.; Leigh, G. J.; Hughes, D. L.
J. Chem. Soc., Dalton Trans. 1981, 793.
25Colman, J. P.; Hegedus, L. S.; Norton, J. R.; Fink, R. G. Principles and Applications of
Organotransition Metal Chemistry; University Science Books: Mill Valley, CA, 1987.
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chlorotrimethylsilane and a Lewis acid, the product resulting from reductive coupling, 21,
was obtained (eq 8).26
/-
C1l-Ta
\
-;P, C8
20
Mg, THF
Cp2TiCI 2 , TMSCI
(8)
21
Continued work in this field has optimized the conditions and yields for the
individual steps, and provided significant insight into the mechanism of the overall
transformation. The reaction proceeds through a series of discrete steps, providing a
variety of compounds along the pathway. Scheme VII outlines the conditions currently
employed in the various steps, as well as all of the intermediates that have been isolated
and characterized from the reaction sequence.
Scheme VII
,/I -C Cl-Tax
20
40% Na/Hg, THF
X Na®
P.,
-P-.
Ta
-P [ ~c...
22
| R3SiCI,
THF
(\ oJ
R'3SiX, THF
or DME
,P., I 
'P\, I,' OSiR3C
- k"~. 'OSiR3
26 (a) Bianconi, P. A.; Williams, I. D.; Engeler, M. P.; Lippard, S. J. J. Am. Chem. Soc. 1986, 108, 311-
313. (b) Bianconi, P. A.; Vrtis, R. N.; Rao, C. P.; Williams, I. D.; Engeler, M. P.; Lippard, S. J.
Organometallics 1987, 6, 1968.
160
The first step of the reaction involves reduction of the metal center to provide the
known2 0 six-coordinate tantalum anion, 22. It was quickly established that the role of
Cp2TiC12 in the early reactions was not as a Lewis acid, but rather an electron transfer
reagent for this first step.22 The increase of electron density at the metal upon reduction
is illustrated nicely in the CO region of the infrared spectrum, which shows a shift to ca.
1660 and 1560 cm-1 for the anion, consistent with significant donation of electron density
from the metal center onto the CO ligands. That the oxygens carry a large degree of
electron density is shown by the addition of one equivalent of an appropriate silyl reagent
to provide the corresponding siloxycarbyne complex. Under most circumstances, a bulky
silyl reagent, such asiPr3SiCl or tBuPh2SiCl must be employed for this step, since less
sterically demanding silyl reagents can result in the formation of a dinuclear species 23
(eq 9).27 The carbyne complexes remain a relatively electron rich species, with the
remaining CO ligand showing a stretch at ca. 1750 cm -1 in the infrared spectrum.
Treatment of the carbyne with a second equivalent of a silyl reagent, normally TMSX,
Na/Hg, THF
Na/Hg, THF 0 (dmpe) 2(CO)Ta=C--then TMSCI
or TBDMSCI
(9)
20 23
then provides the coupled ligand. Further extensive studies have provided a significant
amount of mechanistic information, and revealed that this system is quite versatile and
also successful with niobium2 8 and vanadium.2 9 In addition to promoting carbon
27 Vrtis, R. N.; Bott, S. G.; Lippard, S. J. Organometallics 1992, 11, 270.
28 Vrtis, R. N.; Bott, S. G.; Rardin, R. L.; Lippard, S. J. Organometallics 1991, 10, 1364.
2 9 Protasiewicz, J. D.; Lippard, S. J. J. Am. Chem. Soc. 1991, 113, 6564.
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monoxide reductive coupling, the system has been shown to be successful for
isocyanides, 30 as well as mixed carbon monoxide/isocyanide coupling. 31
The role of a high-coordinate starting material, supposedly to provide close non-
bonded contacts between the two carbon atoms, is the only original postulate that was not
substantiated from the studies outlined above. The final step of the reaction proceeds
from the six-coordinate siloxycarbyne, which has adopted a slightly distorted octahedral
geometry and shows no unusual interactions between the carbon of the carbyne and that
of the carbon monoxide ligand. The role of a 'high-coordinate' effect can not be ruled out
based solely on this observation, however. Studies designed to provide mechanistic
information about this final, key step of the reductive coupling transformation are
described in the next chapter.
3 0Carnahan, E. M.; Lippard, S. J. J. Am. Chem. Soc. 1992, 114, 4166.
3 1 (a) Carnahan, E. M.; Lippard, S. J. J. Am. Chem. Soc. 1990, 112, 3230. (b) Carnahan, E. M.; Rardin, R.
L.; Bott, S. G.; Lippard, S. J. Inorg. Chem. 1992, 31, 5193.
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CHAPTER 2
Studies on the Mechanism
of Reductive Coupling
The final step in the reductive coupling reaction, in which the carbon-carbon bond
is formed, involves the conversion of the siloxycarbyne to the final product containing
the newly formed acetylene bound to the metal center. This transformation can be
envisioned proceeding through two distinct pathways. The first, outlined in Scheme VIII,
involves initial attack of a nucleophilic species, halide in these examples, on the metal
center, providing an l 2 -ketenyl intermediate, which is then trapped by the silyl
Scheme VIII
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reagent to afford the isolated product. Presumably, the presence of free halide, necessary
for initiation of the reaction, would arise from a small amount of decomposition of the
silyl reagent. The second mechanistic possibility differs significantly in that it requires
nucleophilic attack by the remaining carbon monoxide ligand on the silyl reagent, the
equivalent of attack of an electrophilic species on the metal complex, to proceed to the
observed product.
Although there is substantial precedence for nucleophilic attack on metal carbonyl
complexes to provide the corresponding 112 -ketenyl compound in coupling reactions,3 2
3 2(a) Kreissl, F. R.; Frank, A.; Schubert, U.; Lindner, T. L.; Huttner, G. Ang. Chem. Int. Ed. Eng. 1976,
15, 632. (b) Kreissl, F. R.; Eberl, K.; Uedelhoven, W. Chem. Ber. 1977, 110, 3782.
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these reactions usually occur with metals in high oxidation states, as illustrated in Scheme
IX. Conversion of the q12 -ketenyl intermediate 24 to a bound acetylene ligand is then
completed by addition of an appropriate electrophile (Scheme IX).
Scheme IX
PMe3 .I Tol PMe 3 Me3P*,. I 7Tol
C MeP coo,..- W ocIC'= ,, OC -CO Tol Me3P MeP C %
0 024
RX = Me3OBF4, MeOTf, Et3OBF 4 (n = 1) XY3 = AEt 3, AIC, InC 3, BCI3, BH3 (n = 0)
OC,""4
Me 3P OR
In contrast, a survey of the literature shows little precedence for coupling
reactions initiated by attack of an electrophile on the heteroatom of a carbon monoxide or
isocyanide ligand. The sole example is found in the reaction of [W(CH)(PMe3)4 C1] (25)
with CO in the presence of aluminum based Lewis acids such as AlC13 and A1Me3 (eq
10).33 Although no intermediates were isolated from this reaction, the authors suggest
AIMe3 or AICI 3[W(-CH)(PMe 3)4CI] 30 psig C [W(HC-OAIX 3)(CO)(PMe 3) 3Cl] (10)30 psig CO
25 26
that coordination of the Lewis acid to a CO ligand is crucial for the success of the
transformation. Indeed, 25 is not observed to react with carbon monoxide when the
reaction is run without the aluminum reagent.
33 (a) Churchill, M. R.; Wasserman, H. J.; Holmes, S. J.; Schrock, R. R. Organometallics 1982, 1, 766.
(b) Holmes, S. J.; Schrock, R. R.; Churchill, M. R.; Wasserman, H. J. Organometallics 1984, 3, 476.
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Despite the multitude of literature reports of carbyne/CO coupling induced by
attack of a nucleophile, this did not appear to be a favorable mechanism for the systems
described here. As discussed previously, one of the fundamental differences between the
chemistry developed in our laboratory and that reported elsewhere is the amount of
electron density retained at the metal center. Whereas others have relied on electron
deficient metals, our systems remain electron rich throughout the course of the reaction.
A mechanism similar to those described in the literature would therefore require attack of
a nucleophile at an electron rich-center, a step that is perhaps somewhat implausible.
Indeed, a detailed kinetic analysis3 4 of the reaction revealed that the pathway in Scheme
VIII was not involved in product formation, for the reaction rate was independent of the
Scheme X
R3SiX
",,,, I
_pX l..
I
RASiX
'C-
A
concentration of halide present. Instead, the reaction was found to be first order in both
the carbyne complex and silyl reagent, suggesting a mechanism as outlined in Scheme X.
3 4 Protasiewcz, J. D.; Masschelein, A.; Lippard, S. J. J. Am. Chem. Soc. 1993, 115, 808.
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Additionally, these studies revealed a remarkable rate acceleration through the addition of
external salts, the synthetic applications of which are discussed below.
Although these studies provided significant insight into the overall reaction
mechanism, the timing of the carbon-carbon bond formation is still not completely
understood. The kinetics results showed that silylation of the carbon monoxide ligand
was the rate determining step, precluding the observation of any subsequent
intermediates. Of particular interest is to distinguish between the two potential
intermediates or transition states, A and B, highlighted in Scheme X, the fundamental
difference of which is the role of the seventh ligand. Pathway A would involve silylation
to provide a carbene-carbyne intermediate, which then undergoes carbon-carbon bond
formation only upon attack of a nucleophilic species at the metal center. As discussed
previously, this step could be promoted by a 'high-coordinate' effect, pushing the two cis
ligands closer together, thereby increasing the degree of orbital overlap and resulting in
carbon-carbon bond formation.
An alternative mechanism proceeds with carbon-carbon bond formation
concomitant with silylation. Addition of the nucleophile plays no role in promoting the
coupling, negating the high coordinate effect. Interestingly, when the vanadium anion 27
is treated with two equivalents of TMSOTf, the product obtained is the unprecedented,
six coordinate, paramagnetic cationic coupled product 28. This result suggests that the
coupling reaction may occur upon silylation of the remaining CO ligand without
requiring the addition of a nucleophile to vanadium (eq 11).29 In this reaction, however,
Na[V(CO) 2(dmpe) 2] TMSOTf [V(Me 3SiOCCOSIMe 3)(dmpe) 2]OTf (11)DME
27 28
one can not rule out the possibility that a carbene-carbyne is formed, which is then
induced to couple by attack of the triflate anion. Upon coupling, the coordination sphere
about the vanadium center may then become too sterically encumbered, requiring
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expulsion of the triflate ligand, as outlined by route A and the reverse reaction in Scheme
X. Indeed, this is the only case where such a product has been observed, for treatment of
both the niobium and tantalum analogs with TMSOTf provided the expected seven-
coordinate, triflate capped coupled product. Additionally, treatment of the vanadium
anion with TMSBr provided the coupled product [V(Me3SiOC=SCOSiMe3)(dmpe)2Br],
and the six-coordinate vanadium product mentioned above readily reacted with Bu4NBr
to give the same seven-coordinate species.29
Studies on the High-Coordinate Effect: The Role of the Capping Ligand
In order to further examine the role of the seventh ligand on the coupling reaction,
a series of tantalum-based siloxycarbyne complexes were treated with a variety of Lewis
acids incapable of providing a seventh ligand. Although the carbynes were unreactive
towards all trialkyl- and triaryl-boron reagents screened, interesting results were obtained
when trialkyl-aluminum Lewis acids were employed. Thus, treatment of 29 with AlEt3
provided the corresponding carbene-carbyne complex 30 (eq 12).34 Similar reactivity
A_3P c#OAIEt3AIE / '"'"'1 a '. (12)
toluene - -PT (12)
/ K\P\
-
OSItBuPI
29 30
was observed with the corresponding triisopropyl- and triphenylsilyl- derivatives.
Unfortunately, treatment of these complexes with any nucleophile, such as PMe3 or
R4NX, resulted in loss of the aluminum adduct and recovery of the corresponding
carbyne, with no evidence for formation of the coupled product. Similar results were
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obtained when the carbene-carbyne complex was treated with very weak nucleophiles,
such as THF and Et 2 0.
One possible explanation for the isolation of a carbene-carbyne rather than the
coupled product is based on the increased steric demands of the ligands. With only one
exception, the successful transformation from the carbyne to the coupled product has
employed the relatively small silylating reagents, TMSX. In the one anomalous case, the
preparation of 32, heating was required to drive the reaction to completion and the yield
of the desired product was somewhat suppressed (eq 13). Attempts to prepare coupled
Na/Hg, THF
then TBDMSCI
65 C, 10 h, 57%
(13)
20 32
products with more bulky silyl reagents resulted in no reaction and recovery of the
carbyne, as illustrated in equation 14.27 Undoubtedly, the steric requirement of Et 3A is
greater than that of Me3Si-, and is perhaps more similar to that of a tBuMe2Si- group.
'P'" I- C-O Na/Hg, THF
CI Ta/lCw then excess
/-P O tBuPh2SiCI
LP\... or IPrSiCI, A
(14)
20 29 R3 = tBuPh233 %R = Pr 3
The significant difference in the steric requirements of the tBuMe2Si and
tBuPh2 Si fragments is well documented,3 5 and is illustrated nicely in the preparation of
35 Greene, T. W.; Wuts, P. G. M. Protective Groups in Organic Synthesis; John Wiley and Sons, Inc.: New
York, 1991.
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the corresponding carbyne complexes. Whereas [Ta(COSitBuPh2)(CO)(dmpe) 2] (29) is
readily prepared in excellent yields, the synthesis of [Ta(COSitBuMe2)(CO)(dmpe)2] is
plauged by the formation of a dinuclear bridged species, resulting from the attack of the
tantalum anion on the product carbyne (vide supra). Although the mechanism of this
reaction is not well understood, employing more bulky silyl reagents alleviates this side
reaction, presumably by blocking attack on the carbyne. Indeed, the reaction conditions
employed for the preparation of [Ta(tBuMe2 SiOC-COSiMe2tBu)(dmpe)2 C1] do not
allow for the isolation of the intermediate carbyne and require an excess of tBuMe2SiCl
to suppress the formation of the dinuclear species. It was of significant interest,
therefore, to ascertain whether these two groups, tBuPh2Si and AlEt3, were just too bulky
to allow formation of the coupled product in 30. In order to investigate the potential role
of these steric factors, efforts were undertaken to prepare the coupled product from the
same carbyne as was employed for the aluminum adducts, 29, and Et3SiC1.
When [Ta(COSitBuPh2)(CO)(dmpe) 2] was treated with Et3SiCl, the expected
product, [Ta(Et3SiOC-COSitBuPh2)(dmpe) 2C1], (34) was obtained in excellent overall
yield, although the reaction proceeded rather slowly. The reaction times could be
Et3SiCI, THF, 24 h, 75%
(1) 40% Na/Hg,
THF
(2) tBuPh2SiCI
2 I\P/ cOSitBuPh 2
Cl-la' I I (15)
o ,P\_ OSiEt3
20
1 h, 75-80%
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dramatically decreased, however, under the accelerated high salt conditions, where an
excess of Bu4NBPh4 was added to the reaction medium (eq 15). Isolation of the coupled
product provided us with a direct comparison to the carbene-carbyne described above.
The steric requirements of the groups bound to the oxygens should be quite
similar in the coupled product 34 and the corresponding aluminum adduct 30. In
addition, the coupled product contains an extra ligand, chloride, making this compound
even more sterically congested than the corresponding carbene-carbyne. It seems
unlikely, therefore, that steric factors play a significant role in restraining the aluminum
adduct from undergoing the coupling reaction. It thus appears that an electronic effect
prohibits formation of the new carbon-carbon bond.
In order to allow for further comparison of these compounds, a crystal structure of
34 was obtained. Figure 1 provides an ORTEP view of the structure, and Tables I and II
list important metrical parameters and fractional coordinates, respectively.3 6 The
geometry about the metal center is quite similar to that observed in other seven coordinate
tantalum acetylene complexes prepared previously in these laboratories. Thus, the
average Ta-C bond distance of 2.108 A, the C-C bond distance of 1.321 (6) A, the Ta-Cl
distance of 2.583 (1) A, as well as the average Ta-P bond distance of 2.530 A, are all
within the range that has been previously observed for these complexes, as is the C 1-Ta-
C2 bond angle of 36.5 (2)0.37
It is also quite intriguing to compare the carbyne (29), carbene-carbyne (30) and
coupled product (34) solid state structures. These three compounds, the core structures of
which are illustrated in Figure 2, may be providing us with a 'snapshot' of carbon-carbon
bond formation in the reductive coupling pathway. A comparison of these three
structures shows some very interesting trends as one moves from the starting material to
the coupled product. In the six-coordinate, octahedral carbyne, the Cl-Ta-C2 angle is
36 Details of the collection and reduction of the data, as well as structure refinement, are provided in
Chapter V. The non-hydrogen atom thermal parameters are presented in Table M. A full table of bond
distances and angles are provided in Appendix I.
37 rotasiewicz, J. D.; Bronk, B. S.; Masschelein, A.; Lippard, S. J. Organometallics 1994, 13, 1300.
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C203
C202 
C1
C42
C43
C41
Figure 1. Structural diagram of [Ta(tBuPh2SiOC.-COSiEt3)(dmpe) 2Cl] (34) showing
40% thermal ellipsoids for selected atoms and, for clarity, 0.1 A spheres for remaining
non-hydrogen atoms.
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Table I. Selected Intramolecular Bond Distances and Angles Involving the
Nonhydrogen Atoms for [Ta(Et3SiOCCOSitBuPh 2)(dmpe) 2C1] (34).a
bond distances
atom atom distance atom atom distance
Ta P(1) 2.526 (1) Ta P(2) 2.535 (1)
Ta P(3) 2.522 (1) Ta P(4) 2.535 (1)
Ta C(1) 2.092 (4) Ta C(2) 2.123 (4)
Ta C1 2.583 (1) C(1) C(2) 1.321 (6)
C1 0(1) 1.394 (5) C(2) 0(2) 1.371 (5)
Si(1l) 0(1) 1.648 (3) Si(2) 0(2) 1.639 (4)
bond angles
atom atom atom angle atom atom atom angle
Ta C(1) 0(1) 147.8 (3) Ta C(2) 0(2) 154.2 (3)
C(1) Ta C(2) 36.5 (2) Si(1l) 0(1) C(1) 135.1 (3)
Si(2) 0(2) C(2) 144.9 (3)
C1l Ta P(1) 80.05 (4) C1 Ta P(2) 79.96 (4)
Cl Ta P(3) 80.93 (4) C1 Ta P(4) 79.39 (4)
C1l Ta C(1) 160.1 (1) C1 Ta C(2) 163.1 (1)
P(1) Ta P(2) 78.13 (4) P(1) Ta P(3) 160.87 (4)
P(1) Ta P(4) 100.29 (4) P(1) Ta C(1) 108.0 (1)
P(1) Ta C(2) 93.7 (1) P(2) Ta P(3) 96.53 (4)
P(2) Ta P(4) 159.24 (4) P(2) Ta C(1) 119.1 (1)
P(2) Ta C(2) 83.6 (1) P(3) Ta P(4) 78.14 (4)
P(3) Ta C(1) 90.7 (1) P(3) Ta C(2) 104.1 (1)
P(4) Ta C(1) 81.3 (1) P(4) Ta C(2) 117.1 (1)
a Atoms are labeled as indicated in Fig. 1. Distances are in angstroms and angles are in
degrees. Estimated standard deviations
parentheses.
in the least significant figure are given in
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88.5 (6)°, showing no significant distortions from the ideal geometry. The coupled
product, in contrast, shows a much smaller angle of 36.5 (2)°, as is required for an
acetylene ligand bound in an 112 fashion. The carbene-carbyne, with a C -Ta-C2 angle of
73.4 (4)0, shows a marked distortion from the octahedral geometry observed in the
carbyne structure. This distortion is further illustrated by the Cl-C2 distance in the three
compounds, which decreases from 2.74(1) to 2.29(1) to 1.321 (6) A, respectively.
Although such distortions from the optimal octahedral geometry are precedented,38 the
change from the carbyne to the carbene-carbyne is rather astonishing. It appears as
though the aluminum adduct is progressing towards the coupled product, yet is somehow
interrupted.
Indeed, this compound may be providing a clue to the key for successful coupling
of the two ligands. It appears that the success in forming the new acetylene ligand is
controlled by the electrophilic reagent employed in the reaction with the carbyne. Those
electrophilic species that best stabilize the formation of a full negative charge on oxygen,
such as a silyl reagent, lead to formation of a bis-carbyne that is not observed, but
proceeds directly to the acetylene. In contrast, aluminum reagents which do not as
readily support full negative charge development on oxygen, retard the reaction and
provide the observed carbene-carbyne with a new metal-carbon double bond.
Unfortunately, these possibilities still do not fully address the issue of whether a high
coordinate effect is important in this chemistry. Efforts designed to probe these issues
further are described below.
3 8Kub6cek, P.; Hoffmann, R. J. Am. Chem. Soc. 1981, 103, 4320.
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The Role of Steric Factors in the Binding of a Seventh Ligand
The isolation of the six-coordinate cationic vanadium species 30 inspired efforts
to prepare structurally analogous compounds with niobium and tantalum. The strategy
adopted was to provide steric hindrance to the binding of a capping ligand. The first
parameter investigated was the size of the silyl groups employed for the two step
reaction. As expected, these groups do not play a major role in the binding of the seventh
ligand. As discussed previously, when the tantalum and niobium anions were treated
with very bulky silyl reagents, such as tBuPh2SiCl and iPr3SiCl, the reaction stopped at
the corresponding carbyne intermediates (eq 14). In these cases it appears that the steric
bulk of the first silyl group precludes attack of a second equivalent of silyl reagent at the
remaining CO ligand, thereby providing the carbyne rather than the coupled product.
Reductive coupling with these bulky silyl groups could not be induced even upon heating
the reaction mixture or under the accelerated high salt conditions. Treatment of these
isolated carbynes with smaller silyl reagents, such as TMSC1, did provide the expected
seven coordinate coupled products in good overall yields. These results indicate that the
size of the silyl reagent plays an important role in driving the coupling reaction beyond
formation of the carbyne, but has no measurable effect on the binding of the trans,
capping ligand.
A second factor not previously examined was the nature of the phosphine ligands
employed in the dicarbonyl precursors. Varying the substituents on phosphorus allows
for both steric and electronic tuning of the metal center by the ligands. Thus, replacement
of 1,2-bis(dimethylphosphino)ethane with either 1,2-bis(diethylphosphino)-ethane or 1,2-
bis(dibutylylphosphino)ethane in the synthesis of the niobium and tantalum dicarbonyl
compounds proceeded without problem (Scheme XI).39 All of these analogs show
similar CO stretches in the IR spectrum, falling very close to the values of 1820 and 1760
39 Protasiewicz, J. D.; Bianconi, P. A.; Liu, S.; Rao, C. P.; Lippard, S. J. Inorg. Chem. 1992, 115, 3134.
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cm-1, reported for [Ta(CO)2(dmpe)2Cl]. It appears, therefore, that these ligands have
altered the steric environment4 0 about the metal centers, with minimal effect on the
electronics of the system, as evidenced by the CO region r C the infrared spectra.
Scheme XI
r'PR
1% Na/Hg R2 P 
MCI5 R2 P(CH2 )2 PR2 CMg, HgC2, anth C
THF, to THF, CO Cl
R2PLPR2 O
Metal R Yield (%) Compound
Ta Me 46-65 20
Nb Me 49-74 35
Ta Et 47-58 36
Nb Et 45 37
Ta Bu 48 38
Nb Bu 53 39
Although the yields of the syntheses were quite similar, there are some notable
differences in the properties of the dicarbonyl complexes. In all cases, compounds of the
type [M(CO)2(dmpe)2C1] are virtually insoluble in pentane. In contrast, the
[M(CO)2(depe)2C1] derivatives are slightly soluble in aliphatic hydrocarbon solvents and
the [M(CO)2 (dbpe)2C1] compounds are completely soluble in these same solvents.
Although this difference is of little consequence during the preparation of the dicarbonyl
compounds, the ramifications are quite serious in later synthetic studies with these
compounds. The relative insolubility of the dmpe dicarbonyl precursors was an
advantage during the purification of both the carbynes and coupled products already
described. These latter compounds are remarkably soluble in solvents such as pentane,
making it easy to remove any unreacted dicarbonyl species present simply by extracting
4 0 Tolman, C. A. Chem. Rev. 1977, 77, 313.
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the product with pentane, followed by filtration. Recrystallization from pentane then
afforded pure material. With the dbpe derivatives especially, the inability to use this
method of purification was unfortunate since the dicarbonyl compounds are much more
difficult to remove. In most cases, the yields of the reactions are quite high, which
facilitates isolation of the desired product. Obtaining analytically pure material was quite
tedious, however, and nearly impossible in cases where the reductive coupling reaction
was run on a small scale.
As with many high coordinate transition metal complexes, 41 the tantalum
complexes were fluxional in solution at room temperature, resulting in a single, sharp
signal in the 31 p NMR spectrum. Presumably, the fluxional behavior is associated with a
shift from a capped trigonal prismatic geometry, as observed in the solid state structures,
to pentagonal bipyramid arrangement of the ligands. Interestingly, the chemical shift of
the phosphorus resonance moves significantly across the tantalum series, occurring at
24.0, 42.0 and 38.5 ppm, respectively, for the methyl, ethyl and butyl derivatives.
In addition to these alkyl derivatives, attempts were made to prepare the
corresponding phenyl substituted complex, [Ta(CO)2(dppe)2C1] (dppe = 1,2-bis(diphenyl
phosphino)ethane. Apart from providing different steric properties than the
corresponding dmpe derivative, the electronic characteristics of the complex were
expected to be markedly different. The donor capability of ligands such as 1,2-
bis(dimethyl-phosphino)ethane is quite high, providing a very electron rich metal center,
one of the early prerequisites for successful reductive coupling chemistry. In contrast, the
phenyl substituents greatly attenuate the amount of electron density provided by the
phosphorus atom to the metal center, perhaps enough to alter or change completely the
reaction pathway. In addition, an even greater control of the electronics of the system can
be obtained by placing appropriate substituents on the aromatic ring. Unfortunately, all
attempts to prepare such compounds were met with failure, as evidenced by the nearly
4 1Jackman, L. M.; Cotton, F. A. Dynamic Nulcear Magnetic Resonance Spectroscopy; Academic Press:
New York, 1975.
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quantitative recovery of 1,2-bis(diphenylphosphino)ethane from the reaction mixture.
Attempts to prepare the dicarbonyl complex directly, via reduction of TaC15 in the
presence of the ligand, followed by reduction in the presence of carbon monoxide, as well
as by a ligand substitution strategy, employing the known Ta(PMe3)4 C12 (40) as the
precursor, were all unsuccessful. Although the basis for the failure of these reactions has
not been explored, it may be that the formation of the eight-coordinate intermediate is
difficult owing to unfavorable steric interactions. Ligand exchange from other
intermediates was also unsuccessful (Scheme XII). 4 2
Scheme XII
1% Na/Hg, PMe 3 1% Na/Hg, dppe Mg, HgCI2, anth NoTaCI2(PMe) 4 ( TaCs N
40 THF, tol THF, tol THF, CO Reaction40
dppe
No
tol, A Reaction
Reactivity Studies of the New Group V Dicarbonyl Complexes
With the four new dicarbonyl complexes, 36 through 39, in hand, attention next
turned to studying their reactivity under the reductive coupling conditions. Previous
work had determined that 36 could be employed in the reductive coupling reaction with
TMSC1. In order to explore whether all of the new complexes would willingly participate
in this chemistry, each was subjected to the typical reaction conditions with TMSC1.
Thus, reduction of [Nb(CO)2(depe)2C1] and [M(CO)2(dbpe)2Cl] with excess 40% sodium
amalgam in THF, followed by treatment with an excess of TMSC1, provided good yields
4 2 Alternative syntheses of [M(CO)2(dppe)2Cl] (M = Nb, Ta) have been reported, although in very low
yields. (a) Fornalczyk, M.; Sussmilch, F.; Priebsch, W.; Rehder, D. J. Organomet. Chem. 1992, 426, 159.
(b) Felten, C.; Richter, J.; Priebsch, W.; Rehder, D. Chem. Ber. 1989, 122, 1617.
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R PR2 .0
Cl-M
R2LPR2 Z°
TMSCI, THF
nBu4 NBPh 4 (M = Nb)
of all of the desired compounds (eq 16). For the preparation of the dbpe niobium
compound 43, high salt reaction conditions were employed to decrease the reaction time.
Similar results were obtained when the reactions were carried out with TMSOTf in DME,
providing the seven-coordinate products in good overall yields (eq 17). It therefore
appears that coordination of the seventh ligand is seemingly unaffected by the steric
Cl MI 
R2P I C O[_,PR2
TMSOTf, DME
R2 PR 2 ,OSiMe 3
TfO -M I
R2 LPR2 OSiMe3
demands of the larger phosphine ligands. Analogous results were obtained when a larger
silyl group, such as tBuPh2Si-, was employed as the substituent on the carbyne (eq 18).
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O0SiM
C"..
OSiM%
(16)
Dicarbonyl M R Yield (%)
37 Nb Et 72 (41)
38 Ta Bu 55 (42)
39 Nb Bu 73 (43)
(17)
Dicarbonyl M R Yield (%)
36 Ta Et 66 (44)
37 Nb Et 85 (45)
38 Ta Bu 47 (46)
39 Nb Bu 53 (47)
TMSOTf
DME, 65%
(18)
Ph2
48 49
When surveying the variety of tantalum carbynes that have been prepared, a
remarkable consistency is observed in the CO region of their IR spectra. In all cases
except one, the CO stretch of the carbyne occurs between 1790 and 1810 cm-l1. The one
exception, [Ta(COSiPh3)(CO)(dmpe)2], has its CO band shifted to slightly lower energy,
1761 cm-1, presumably indicating an even more electron rich metal center. In addition,
this carbyne was found to be somewhat unstable when compared to other very similar
compounds. Owing to its relative instability, the reactivity of this carbyne had previously
not been explored. With the apparent increase in electron density at the metal center
however, it seemed possible that this system would better stabilize a six-coordinate
cationic product. This carbyne exhibited normal reactivity, however. Treating the
triphenylsiloxycarbyne with both TMSC1 and TMSOTf provided the corresponding
seven-coordinate coupled product in good overall yields (Scheme XIII).
Scheme XIII
TMSOTf
DME, 47%
MSCI, THF
"BuNBPh4
75%
52 50 51
Although the carbene-carbyne described above (30) is quite interesting, its
fragility was frustrating, curtailing any studies of its reactivity. In order to obtain a more
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robust adduct, a series of Lewis acids were screened for similar reactivity. As
summarized earlier, this reaction was quite selective; treatment of various tantalum
carbynes with boron reagents resulted in no reaction. The focus, therefore, remained on
aluminum reagents. Replacing one or more of the alkyl groups of AlEt3 with a halide
substituent increases the Lewis acidity. It was postulated, therefore, that such reagents
might afford an adduct with the carbyne having a stronger aluminum-oxygen bond,
thereby allowing for further reactivity studies. Unfortunately, replacing one or more of
the alkyl groups with halide was detrimental to the reaction. Rather than affording the
described carbene-carbyne adducts, Me2AlCl, Me2AI or MeAlC12 all led to destruction
of the carbyne complex and concomitant formation of a variety of uncharacterized
compounds. Analysis of the crude reaction mixture by infrared spectroscopy indicated
oxidation of the metal center, although no specific compounds were identified.
There have been numerous previous attempts to prepare silicon cations analogous
to the well-documented carbocations. Despite extensive research in this field and
numerous premature claims, evidence for the preparation of cationic silyl species has
only appeared during the past year. Lambert recently reported the preparation and crystal
structure of Et 3SiB(C6 F 5)4,4 3 obtained by reaction of the corresponding trityl salt with
Et3 SiH (eq 19).44 Remarkably, the solid state structure indicates that there is no
Et3 SiHPh3CB(CsHF$) 4 tluene Et 3SiB(CsF) 4 (19)toluene
53
coordination between the two fragments of the molecule, although later work suggested
that the silicon was interacting with the c-system of a toluene molecule.4 5 Boudjouk
4 3Lambert, J. B.; Zhang, S.; Stem, C. L.; Huffman, J. C. Science 1993, 260, 1917.
44Straus, D. A.; Zhang, C.; Tilley, T. D. J. Organomet. Chem. 1989, 369, C13.
4 5Reed, C. A.; Xie, Z.; Bau, R.; Benesi Science 1993, 262, 402.
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reported a similar complex, R3SiB(3,5-(CF 3)2 C6 H3 )4 , which exhibits NMR data
consistent with a weakly or noncoordinated complex, although a crystal structure was not
obtained (eq 20).46 Additionally, these compounds were not isolable and had to be used
directly in the solvent employed for their preparation, acetonitrile.
Et 3SiH NCePh 3CBAr 4 C- 3SCN R 3 S- NCM (20)
4
54
Apart from their novelty, these compounds were of significant interest to us, since
the bulky anion was not expected to participate in any step of the reductive coupling
pathway. Thus, unlike the case of TMSOTf reacting with the vanadium dicarbonyl
anion, there is no possibility potential binding of the anion followed by expulsion from
the coordination sphere. The results obtained from the reaction of a variety of tantalum
carbynes with 53, 54, and similar reagents, proved disappointing and ambiguous,
however.4 7 Analysis of the crude reaction mixture by IR and 31P NMR spectroscopy
consistently showed an array of products. In addition, attempts to isolate material
through crystallization afforded only a viscous oil of similar composition to the crude
reaction mixture. The low purity of the crude mixture precluded attempts to crystallize
these products.
Owing to the high reactivity of these silyl reagents, which react instantaneously
and destructively with oxygenated solvents, the experiments were not carried out under
the optimal coupling conditions. Toluene and acetonitrile were employed for these
studies, both of which proved to be problematic. The reductive coupling chemistry has
never been performed with acetonitrile as the solvent, since many of the compounds
46Bahr, S. R.; Boudjouk, P. J. Am. Chem. Soc. 1993, 115, 4514.
47 We thank S. M. Ciro and J. B. Lambert for providing a sample of Et 3 SiB(C6 F5)4 .
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appear to be unstable in an acetonitrile solution, leading to deleterious side reactions. In
contrast, all of the compounds are quite stable as a solution in toluene. The conversion of
the carbyne to the coupled product, however, is enhanced by a relatively polar solvent
system, as evidenced by the remarkable salt effect reported for this transformation.
Toluene is therefore a poor solvent choice, since it is much less polar than either THF or
DME, which are normally employed for this transformation. Indeed, when
[Ta(COSitBuPh2)-(CO)(dmpe) 2], 29, was treated with Me3 SiCl in toluene rather than
THF, the reaction was quite sluggish and the yield of 55 dropped to 40% (eq 21).
(P , OSitBuPh2 - B
-P I c TMSCI, '0. Y /OSitBuP h ./r"..,C ~ TMSCI, tol C
O - - -ClTa' II (21)TI0\0 C7h, 40% C0o /\ - I, LP\- OSiMe3
29 55
The studies described here have provided information on a series of factors that
do not appear to disrupt the normal reductive coupling pathway. Thus, the steric
demands of the silyl reagents play an important role in the conversion of the carbyne to
the coupled product, but have no effect on the binding of the capping seventh ligand.
Similarly, the coupling reaction was found to proceed normally, regardless of the alkyl
substituents present on the phosphine ligand and the silyl reagents employed. Although
attempts to effect reductive coupling with a variety of alternative electrophiles were
ineffective, the next chapter details our successful studies on the reductive coupling
promoted by carbon-based electrophiles.
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Table II. Positional Parameters and B (eq) for the non-hydrogen atoms in
[Ta(tBuPh 2 SiOC-COSiEt 3)(dmpe) 2C1] (34).a
atom x Y z B (eq), 2 b
0.84868 (1)
0.96441 (7)
0.88749 (7)
0.78428 (7)
0.84400 (7)
0.95226 (7)
0.71265 (7)
0.60467 (7)
0.7716 (2)
0.6635 (2)
0.7810 (2)
0.7389 (2)
0.8659 (3)
0.8315 (3)
0.9860 (3)
0.7881 (3)
0.8251 (3)
0.6820 (3)
0.9285 (3)
0.8453 (4)
0.7619 (3)
0.9448 (3)
1.0548 (3)
0.9540 (3)
0.7433 (3)
0.7307 (4)
0.6939 (3)
0.8283 (3)
0.7279 (3)
0.7928 (3)
0.14917 (1)
0.0188 (1)
0.1502 (1)
-0.0195 (1)
0.1005 (1)
0.2697 (1)
0.4836 (1)
0.2461 (1)
0.3804 (2)
0.2176 (3)
0.2848 (3)
0.2190 (4)
0.0180 (4)
0.2388 (5)
0.1740 (4)
-0.0242 (4)
-0.1506 (4)
-0.0440 (4)
0.1572 (4)
-0.0379 (5)
0.1559 (4)
0.2705 (5)
0.2414 (4)
0.4120 (4)
0.5757 (4)
0.5192 (5)
0.6770 (4)
0.6080 (5)
0.5489 (4)
0.5211 (4)
0.28340 (1) 1.461 (8)
0.33586 (7) 2.65 (4)
0.17919 (7) 2.18 (5)
0.21389 (7) 2.07 (4)
0.40244 (7) 2.23 (5)
0.37487 (7) 2.13 (4)
0.27293 (7) 1.78 (4)
0.08066 (7) 2.46 (5)
0.3033 (2) 2.1 (1)
0.1664 (2) 3.2 (1)
0.2727 (2) 1.6 (1)
0.2187 (2) 1.8 (2)
0.1335 (3) 2.9 (2)
0.1032 (3) 3.7 (2)
0.1905 (3) 3.1 (2)
0.1240 (3) 3.0 (2)
0.2508 (3) 3.2 (2)
0.1881 (3) 3.0 (2)
0.4813 (3) 3.1 (2)
0.4330 (3) 4.0 (2)
0.4138 (3) 2.9 (2)
0.4630 (3) 3.4 (2)
0.4055 (3) 2.9 (2)
0.3573 (3) 3.3 (2)
0.3557 (3) 2.4 (2)
0.4165 (3) 4.1 (2)
0.3337 (3) 3.1 (2)
0.3851 (3) 3.9 (2)
0.1971 (2) 2.2 (2)
0.1861 (3) 2.7 (2)
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Ta
C1
P(1)
P(2)
P(3)
P(4)
Si(1)
Si(2)
0(1)
0(2)
C(1)
C(2)
C(11)
C(12)
C(13)
C(21)
C(22)
C(23)
C(31)
C(32)
C(33)
C(41)
C(42)
C(43)
C(100)
C(101)
C(102)
C(103)
C(200)
C(201)
1__
Table II. Positional Parameters and B (eq) for the non-hydrogen atoms in
[Ta(tBuPh 2 SiOC-=COSiEt 3)(dmpe) 2 C1] (34).a
atom x y z B (eq),A2 b
C(202) 0.8081 (3) 0.5658 (4) 0.1319 (3) 3.4 (2)
C(203) 0.7582 (3) 0.6413 (4) 0.0849 (3) 3.3 (2)
C(204) 0.6935 (3) 0.6712 (4) 0.0940 (3) 3.1 (2)
C(205) 0.6793 (3) 0.6273 (4) 0.1502 (3) 2.7 (2)
C(300) 0.6099 (2) 0.4401 (4) 0.2469 (2) 1.9 (2)
C(301) 0.5981 (3) 0.3406 (4) 0.2699 (3) 2.8 (2)
C(302) 0.5250 (3) 0.3086 (5) 0.2602 (3) 3.7 (2)
C(303) 0.4634 (3) 0.3778 (5) 0.2281 (4) 3.7 (2)
C(304) 0.4735 (3) 0.4757 (5) 0.2046 (3) 3.7 (2)
C(305) 0.5466 (3) 0.5073 (4) 0.2131 (3) 3.0 (2)
C(400) 0.5072 (3) 0.2596 (5) 0.0761 (3) 3.9 (2)
C(401) 0.4738 (5) 0.1608 (6) 0.0927 (5) 6.3 (4)
C(402) 0.6327 (4) 0.3753 (5) 0.0527 (4) 4.8 (3)
C(403) 0.5881 (6) 0.4185 (8) -0.0195 (5) 10.2 (5)
C(404) 0.6015 (3) 0.1377 (4) 0.0158 (3) 3.6 (2)
C(405) 0.5320 (4) 0.1426 (5) -0.0596 (3) 5.4 (3)
a Atoms are labeled as indicated in Fig. 1. Estimated standard deviations in the least
significant figure are given in parentheses. b B (eq) = 4/3 [a2 p1 Il + b2 022 + c2j333 +
2ab cos(y)P12 + 2ac cos([3)[V13 + 2bc cos(a)[23].
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Table III. Non-Hydrogen Atom Thermal Parameters for
[Ta(Et 3SiOC=-COSitBuPh 2)(dmpe) 2C1] (34).a
ATOM
Ta
C1l
P(1)
P(2)
P(3)
P(4)
Si(1)
Si(2)
C)(1)
C)(2)
C(1)
C(2)
C(11)
C(12)
C(13)
C(21)
C(22)
C2(23)
tC(31)
C(32)
C(33)
C(41)
C(42)
((43)
C(100)
C'(101)
C(102)
4C(103)
C(200)
tC(2,01)
Ull
0.0175(1)
0.0263(6)
0.0251(6)
0.0245(6)
0.0269(7)
0.0203(6)
0.0205(6)
0.0225(7)
0.025(2)
0.028(2)
0.019(2)
0.016(2)
0.034(3)
0.052(4)
0.035(3)
0.041(3)
0.039(3)
0.029(3)
0.035(3)
0.068(4)
0.032(3)
0.037(3)
0.025(3)
0.025(3)
0.028(3)
0.077(4)
0.041(3)
0.038(3)
0.027(2)
0.031(3)
U22
0.0181(1)
0.0281(6)
0.0320(7)
0.0223(6)
0.0327(7)
0.0282(7)
0.0188(6)
0.0369(8)
0.021(2)
0.049(2)
0.017(2)
0.026(2)
0.051(3)
0.051(4)
0.040(3)
0.039(3)
0.024(3)
0.033(3)
0.056(4)
0.047(4)
0.047(3)
0.058(4)
0.040(3)
0.025(3)
0.028(3)
0.044(3)
0.032(3)
0.049(3)
0.026(2)
0.035(3)
U33
0.0201(1)
0.0410(7)
0.0307(7)
0.0321(7)
0.0247(7)
0.0306(7)
0.0278(7)
0.0239(7)
0.030(2)
0.032(2)
0.026(2)
0.024(2)
0.031(3)
0.044(3)
0.053(4)
0.037(3)
0.052(4)
0.049(3)
0.021(3)
0.043(3)
0.034(3)
0.035(3)
0.042(3)
0.063(4)
0.032(3)
0.038(3)
0.041(3)
0.048(4)
0.026(2)
0.035(3)
U12
0.00232(7)
0.0090(5)
-0.0001(5)
-0.0012(5)
0.0048(5)
0.0000(5)
0.0022(5)
0.0029(6)
0.004(1)
0.007(2)
0.001(2)
0.003(2)
-0.004(2)
0.009(3)
-0.005(2)
-0.003(2)
0.002(2)
-0.006(2)
0.010(3)
0.013(3)
0.009(2)
-0.015(3)
-0.001(2)
-0.002(2)
0.008(2)
0.006(3)
0.007(2)
0.003(3)
-0.008(2)
-0.003(2)
C(2,02) 0.041(3) 0.044(3) 0.050(3) -0.006(3) 0.025(3) -0.002(3)
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U13
0.00851(8)
0.0099(5)
0.0169(6)
0.0125(5)
0.0111(5)
0.0095(5)
0.0100(5)
0.0011(6)
0.009(1)
0.000(2)
0.012(2)
0.008(2)
0.019(2)
0.027(3)
0.029(3)
0.018(3)
0.013(3)
0.014(2)
0.008(2)
0.029(3)
0.016(2)
0.015(3)
0.013(2)
0.009(3)
0.012(2)
0.028(3)
0.017(3)
0.008(3)
0.009(2)
0.013(2)
U23
0.00215(7)
0.0041(5)
-0.0002(5)
-0.0017(5)
0.0071(5)
-0.0030(5)
-0.0003(5)
-0.0039(6)
-0.003(1)
-0.004(2)
0.003(2)
0.002(2)
-0.011(2)
0.011(3)
-0.005(3)
-0.009(2)
0.004(2)
-0.001(2)
0.005(2)
0.027(3)
0.005(2)
-0.018(3)
-0.003(2)
-0.004(3)
-0.004(2)
-0.005(3)
-0.007(2)
-0.022(3)
-0.004(2)
0.000(2)
Table III. Non-Hydrogen Atom Thermal Parameters for
[Ta(Et 3 SiOC-=COSitBuPh 2)(dmpe) 2C1] (34).a
ATOM
C(203)
C(204)
C(205)
C(300)
C(301)
C(302)
C(303)
C(304)
C(305)
C(400)
C(401)
C(402)
C(403)
C(404)
C(405)
Ull
0.048(3)
0.036(3)
0.030(3)
0.022(2)
0.039(3)
0.050(4)
0.034(3)
0.024(3)
0.025(3)
0.035(3)
0.079(5)
0.055(4)
0.130(8)
0.044(3)
0.082(5)
U22
0.051(3)
0.037(3)
0.031(3)
0.024(2)
0.033(3)
0.045(3)
0.050(3)
0.053(4)
0.031(3)
0.064(4)
0.085(6)
0.053(4)
0.104(7)
0.048(3)
0.065(5)
U33
0.029(3)
0.035(3)
0.037(3)
0.027(2)
0.036(3)
0.057(4)
0.069(4)
0.060(4)
0.059(4)
0.038(3)
0.099(6)
0.054(4)
0.087(7)
0.033(3)
0.035(4)
U12
-0.016(3)
-0.008(2)
-0.004(2)
-0.000(2)
0.003(2)
-0.017(3)
-0.015(3)
0.002(2)
0.001(2)
0.013(3)
-0.032(4)
-0.008(3)
-0.044(6)
0.004(3)
-0.007(4)
U13
0.018(3)
0.005(2)
0.010(2)
0.011(2)
0.019(2)
0.035(3)
0.032(3)
0.017(3)
0.019(3)
0.007(3)
0.060(5)
0.007(3)
-0.013(6)
0.007 (3)
0.006(3)
U23
-0.001(3)
0.008(2)
-0.001(2)
-0.002(2)
0.005(2)
-0.008(3)
-0.019(3)
-0.012(3)
0.001(3)
-0.005(3)
-0.022(5)
0.003(3)
0.051(6)
-0.010(3)
-0.018(3)
a Atoms are labeled as indicated in Figure 1. Estimated standard deviations in the least
significant figure are given in parantheses. Anisotropic temperature factors are of the form
exp[-2n 2(Ullh 2 a* 2 ... + 2U12hka*b* + ...)].
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CHAPTER 3
Reductive Coupling Promoted
by Carbon-Based Electrophiles
The initial discovery of reductive coupling of isocyanides employed protons as
the electrophile (eq 6). Later work showed that tBuMe2SiCl could be employed to isolate
an aminocarbyne intermediate 57 (eq 22), although coupling could not be induced in
[Mo(CNtBu) 6]
TBDMSOTf
DME, 64 %
56
(tBUNC)5MoC
57
these homoleptic systems solely with silyl reagents. In addition, it was previously
reported that reaction of 56 with strong alkylating reagents, such as MeOTf, resulted in
the formation of the 112- iminoacyl cation 59, rather than a carbyne or coupled product
[Mo(CNtBu) 6]
56
MeOTf
DME
, v 2· I L -
LmOUVI - urwrnt JV I I
59
(eq 23).48 Treatment of 57 with trifluoroacetic acid provided only the symmetrically
coupled product 58, presumably due to desilylation at some point along the reaction
pathway (eq 23).4 9
4 8yoshida, T.; Hirotsu, K.; Higuchi, T.; Otsuka, S. Chem. Lett. 1982, 1017.
4 9Carnahan, E. M. Ph.D. Thesis, Massachusetts Institute of Technology, 1991.
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OTf (22)
(23)ii i i .ll~r ru·~ -IIA· II[ · ·-- ip M I f 
NtBu 7 02CF3III t
tBuN; C N'U
CF 3CO 2H QC 'I 2N4Tf T (24)
,THF H N
tn.. 4 C 6N"
160"1'm III ' -'BU
NtBu
57 58
A different set of limitations were encountered in the reductive coupling of
[M(CO)2(dmpe)2C1] complexes. In these cases, it was necessary to avoid all protic
media in order to obtain the coupled products. Reaction of Na[Ta(CO)2(dmpe) 2] with
either protic acids or strong alkylating reagents led to attack of the metal center to afford
60 and 61, as outlined in Scheme XIV.20 The desired coupling reaction was found to
proceed most readily with silylating reagents.
Scheme XIV
- I ! Na/Napth , _CO Na/Napth
H-Ta " CI -Ta N T
-/ C HX, THF IlMeOTf, DME
'F~ 0 C p.. 0/ L- P` / LP \`
61 20 60
Since the ability to promote reductive coupling solely by two or more equivalents
of alkylating reagents or protic acids seemed somewhat limited, attempts were made to
use alkylating reagents in the conversion of the siloxycarbyne to the coupled product. A
review of the literature revealed numerous reports of alkylidyne coupling with a CO
ligand under the influence of a variety of electrophilic species including alkylating
reagents. As summarized earlier, however, in these reactions the carbyne is normally first
converted to an 112 -ketenyl complex by attack of a nucleophile. Conversion of the 112
-ketenyl ligand to the corresponding acetylene may then be readily promoted by a wide
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range of electrophiles (Scheme IX). In the literature examples, the metal center can
accommodate an electron rich donor ligand, indicating that it is relatively electron
deficient. Thus, attack of the metal center on the electrophile should not be a competitive
process.
In contrast, the siloxycarbyne complexes described here have no reactivity toward
electron rich ligands such as PMe3, indicating that the metal center retains a high degree
of electron density. This conclusion is supported by thelow CO stretch in the IR at ca.
1775 cm -1, resulting from back-donation of electron density from the metal center. It
was a major concern, therefore, that treatment of the carbyne with alkylating reagents
would result in preferential reaction at the metal center rather than at the desired ligand
oxygen. The use of silyl reagents in earlier reports on these systems presumably avoids
this potentially competitive reaction owing to the strength of the silicon-oxygen bond
formed during the reaction. Additionally, the steric bulk of the silyl reagents may also
help avoid this undesired redox reaction. Nevertheless, we were interested in examining
the reductive coupling reaction with alkylating reagents. In addition to providing a new
class of compounds, such chemistry should further the understanding of the factors
necessary for the success of the reaction. Finally, removal of the coupled ligand from the
metal center would provide access to a series of compounds that have significant
potential as synthetic intermediates and are difficult to prepare under standard procedures.
Initial studies were carried out with carbyne 29, [Ta(COSitBuPh2)(CO)(dmpe) 21],
and various alkylating reagents. Meerwein type reagents, Et 3OBF4 were found to be
unsuitable for this reaction, affording a dicarbonyl species, [Ta(CO)2(dmpe)2X] (eq 25).
Attempts to promote the reaction by employing the depe derivative, as well as Et3OPF6
also met with failure, although no efforts were made to determine the identity of the
seventh ligand. In these cases, it was thought that impurities present in the alkylating
reagent, namely traces of fluoride ion, might be responsible for the decomposition of the
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carbyne via desilylation. Attention was turned, therefore, to reagents where the presence
of such impurities could be completely avoided.
cO0
(25)
C o-Q 
- OSitBuPh2
' i',,, Tla C Et3OBF 4, DME
C "-P '00 I e 0 Cto rt/ \0O
29
Treatment of 29 with a series of highly reactive alkylating reagents were also
unsuccessful, as summarized in equation 26. Again, the main product isolated from these
_p. , ~'OSi!BuPh2 - ZOdP..,,, C' n RX, THF or DME P"..' I' (2
RXBn W X-Ta (26)
C I RX = BnBr, I cJp C.O Allyl odide /P 
29
attempts was a dicarbonyl species, with no evidence of formation of the desired coupled
product. Attempts to run the reaction with less reactive alkylating reagents such as ethyl
bromide also led to decomposition of the carbyne, albeit at a much slower rate.
Although these reactions did not provide the desired product, it was of interest to
determine whether the isolated product had a halide or alkyl substituent as the seventh
ligand. Analysis of the crude reaction mixture from the reaction of [Ta(COSitBuPh2 )-
(CO)(dmpe)2] with methyl triflate by 1H NMR spectroscopy clearly showed the presence
of a tantalum alkyl, as evidenced by the upfield signal centered at -1.59 ppm (eq 27). No
evidence was seen for the formation of the coupled product, with tBuPh2 SiOTf being the
only other product observed by 1H NMR.
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treatment of the corresponding depe derivative, [Ta(COSitBuPh2)(CO)(depe)2], with analyzed by MeOTf, the differences arise from the
cmplex may alsC to be important.29 60This pathway does not appear to be operating in all cases, however, sincetreatment of the corresponding depe derivative, [Ta(COSitBuPh2)(CO)(depe) 2 , withmethyl iodide did not appear to yield the tantalum alkyl species, as judged by H NMRspectroscopy. In this example, it appears that the product is the iodide capped dicarbonyl.
Similar results were obtained from the reaction of [Ta(COSitBuPh2)(CO)(dmpe) 2 ] and
either benzyl bromide or allyl iodide, which provided the halide capped dicarbonyl, as
analyzed by 1H NMR spectroscopy (eq 26). Presumably, the differences arise from the
choice of alkylating reagent, although the bidentate phosphine igand on the metal
complex may also be important.
Reductive coupling was achieved, however, when ethyl triflate was employed as
the alkylating reagent. Treatment of [Ta(COSitBuPh2)(CO)(dmpe)2] with one equivalent
of ethyl triflate in DME resulted in a color change from deep red to green-brown (eq 28).
Upon removal of the solvents, analysis of the R spectrum of the crude material indicated
)SitBuPh2 -P . OSitBuPhk
EtOTf, DME P/ I .C
25-35% TfO--Ta (28)
_p C
/ LP\- OEt
29 62
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the presence of the desired coupled product 62, as well as a dicarbonyl species. The
coupled product was found to be soluble in pentane, as previously described for the
corresponding silyl derivatives, and upon recrystallization from pentane, showed the
characteristic acetylene stretch in the IR spectrum at ca. 1600 cm- 1. Analysis of the
pentane insoluble material by infrared spectroscopy revealed a dicarbonyl species as the
major side product.
The NMR data were also consistent with the formation of the coupled ligand, with
the most definitive evidence arising from the 1H NMR spectrum. As mentioned
previously, formation of a tantalum alkyl species is signaled by the presence of a
resonance occurring upfield from tetramethylsilane. In the product isolated, no
resonances occurred above 0.29 ppm, and the presence of a quartet centered at 2.76 ppm
was consistent with the methylene group of an ethyl substituent a to an oxygen
substituent.50 Although the yield of the product isolated from the reaction was lower than
that of the corresponding reaction with silyl reagents, the formation of the desired product
indicated that coupling could indeed be promoted by carbon-based electrophiles and
provides the first example of such a transformation.
The reaction was successfully extended to other tantalum carbynes, such as
[Ta(COSiiPr3)(CO)(dmpe)2] (33), although the yields remained significantly lower than
similar reactions with silyl reagents (eq 29). Attempts to increase the yield by
-_ p ,,t COS1'Pr3
· Ta* EtOTf, DME
- C 0 46%/ vP\- #0
cOSi'Pr3
11 (29)
OCORt
33 63
5 0Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Spectrometric Identification of Organic Compounds;
Wiley: New York, 1981.
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employing a fresh source of ethyl triflate, in order to insure the absence of triflic acid, and
by running the reaction at lower temperatures, did not enhance the overall yield of 62 or
63. No crystal structure of either of these compounds could be obtained, since the
crystals were very thin stacks of plates and poorly diffracting.
As discussed previously, use of the depe ligand to prepare the carbyne complexes
afforded a wider range of compounds. Presumably, this behavior is due to the increased
steric demands of this ligand, which preclude the formation of dinuclear species. We
therefore decided to employ the depe ligand in the hope of achieving higher yields of the
coupled products. Treatment of [Ta(COSitBuPh2 )(CO)(depe) 21 with ethyl triflate
afforded the desired coupled product 64, as outlined in eq 30. The yield of the reaction
A__~~~~~~~~~~e
r PEt2 0
2EtP'..., I C MEtOTf, DMETa -
Et2 I 30 min, 58%
\E2P, PEt2 OSitBuPh2
(30)
48 64
was almost twice that of the corresponding dmpe derivative and similar to yields obtained
by reductive coupling of the more commonly used silyl reagents. In addition, formation
of the dicarbonyl side product was diminished significantly, although not completely
suppressed.
The depe compound 64 exhibited very similar spectroscopic properties to those
described above for the analogous dmpe derivative. The infrared spectrum showed
almost no shift in the characteristic acetylene stretch, and the 1H and 3 1 p NMR were both
characteristic of the formation of the coupled product, with the 31P NMR spectrum
consisting of a singlet at 52.8 ppm. Although this value is further downfield than the
range reported for the dmpe compounds, a similar shift was observed for the dicarbonyl
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precursors, [Ta(CO)2(dmpe) 2C1] and [Ta(CO)2(depe)2C1],5 1 which show resonances at
24.0 and 42.0 ppm, respectively.
A nice example of the utility of the depe ligand is illustrated in the preparation of
[Ta(Me3SiOC=COEt)(depe)2OTf], 66 (eq 31). Although the yield of this product is less
than other products obtained, the preparation of the corresponding dmpe derivative is
simply not feasible, since the carbyne analog of 65 is unstable. Unfortunately, 66, like
the other depe derivatives prepared, did not afford crystals suitable for an X-ray structure
determination.
Et2 , FF Et2..,, CO 40 % Na/HgCI 'TaJ
AI XC TMSCI,
Et2PE 2 DMELPEt 2
EtOTf
DME, 26%
'OTMS
36 65 66
During these studies, an interesting trend was noticed in the H NMR spectra of
these new coupled products. For 62, a triplet was observed at 0.29 ppm, assigned to the
methyl group of the ethoxy substituent. A similar resonance was observed for
[Ta(tBuPh2SiOC COEt)(depe)2OTf] (64), shifted only slightly to 0.31 ppm. In marked
contrast, however, when the tBuPh2Si- moiety was changed to a trialkylsilyl group, such
as iPr3Si and Me3Si, the triplet shifted significantly downfield to ca. 1.0 ppm and was
often obscured by the phosphine ligand resonances. Analysis of a COSY spectrum of
[Ta(iPr3SiOC=-COEt)(dmpe)2OTf], however, indicated the triplet to be at ca. 1 ppm, as
evidenced by the cross peak with the quartet centered at 3.75 ppm in the spectrum of 63.
Presumably, the upfield shift of the methyl group in compounds containing the tBuPh2Si
moiety, such as 62 and 64, is a consequence of shielding by the neighboring phenyl
groups.
5 1Protasiewicz, J. D.; Bianconi, P. A.; Williams, I. D.; Liu, S.; Rao, C. P.; Lippard, S. J. Inorg. Chem.
1992, 31, 4134.
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,OEt
(31)
OTMS
Although the depe ligand allowed the scope of the coupling reaction to be
expanded by providing access to a wider variety of carbyne precursors, an additional and
more attractive alternative for generalizing the coupling reaction was to employ a wider
variety of electrophiles. Efforts were therefore undertaken to achieve such a goal by
considering the coupled ligand as an enolate. The trapping of enolates as their
corresponding silyl enol ethers is well established and exploited regularly in synthesis.
These same silyl reagents have been used in the reductive coupling reaction, providing
the most consistent results for the overall transformation. In contrast, trapping enolates
with strong alkylating reagents is often difficult, and normally affords products from C-
alkylation, rather than 0-alkylation (eq 32).52 Although evidence for C-alkylation was
never obtained in the reductive coupling reactions with tantalum and niobium, these
reactions were not nearly as successful as those performed with silyl reagents.
Interestingly, treatment of the vanadium dicarbonyl anion with Et3OBF4 provided the C-
alkylated Tl2-acyl complex, [V(Tq2 -C(O)Et)(CO)(dmpe)2]. This comparison prompted
further investigation of trapping reagents for the reductive coupling chemistry.
O O
Ph3CLi, DME (32)
Mel, HMPA 97%
A common method for trapping enolate anions is to use an acid chloride as the
electrophile, providing the corresponding enol ester as the product. Under appropriate
conditions, the reaction proceeds to afford the 0-acylated product. Although C-acylation
can occur, it proceeds through prior formation of the kinetically favored enol ester. In
contrast to enolate trapping with strong alkylating reagents, as discussed above, the
KH, DME OAc
Phv.~ CHO AcCI 91% v(33)
1:1 cis:trans Ph
52 Tardella, P. A. Tetrahedron Lett. 1969, 1117.
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acylation reaction is quite general and provides high yields in almost all cases (eq 33).53
The reaction is normally carried out in the same solvents as employed in the reductive
coupling chemistry, thereby requiring minimal changes in the system.
Owing to the increased yields obtained when the depe carbyne derivatives were
treated with ethyl triflate, these same materials were chosen for initial studies with acid
chlorides. Addition of acetyl chloride to a THF solution of [Ta(COSitBuPh2)-
(CO)(depe)21 (48) provided a green solution after 30 minutes, consistent with the
formation of the desired product (eq 34). Upon workup, the infrared spectrum of the
AcCI, THF
58%
/OAc
(34)
' ~=~'t~..nIL
L2'_ PEt 2 VW -ur 2LI~ v='or"
48 67
crude reaction mixture indicated the presence of a dicarbonyl species. The spectrum was
dominated, however, by two new resonances, a strong stretch at 1723 cm-l, as well as a
less intense one at 1538 cm-l1, consistent with formation of the desired product. The more
intense, higher energy band was attributed to the CO stretch of the acetyl group, while the
less intense stretch could be assigned to a newly formed acetylene ligand.
Recrystallization of the crude product from pentane provided green crystals, the
spectroscopic features of which were consistent with the formation of
[Ta(AcOC=-COSitBuPh2)(depe)2C1]. The IR spectrum showed the same two stretches as
described above, while the 1H NMR spectrum exhibited a singlet at 1.17 ppm,
attributable to the acetyl methyl group, as well as resonances for the depe ligands and
53Ladjama, D.; Riehl, J. J. Synthesis 1979, 504.
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tBuPh2Si- moiety. Further evidence for the formation of the coupled product came from
the 31 p NMR spectrum, which consisted of a characteristic singlet at 43.0 ppm.
Definitive proof of the structure for the new compound was obtained by a single
crystal X-ray structure. An ORTEP diagram of the molecule, the first structurally
characterized example of reductive coupling from a siloxycarbyne and a carbon-based
electrophile, is displayed in Figure 3. Tables IV and V provide some pertinent bond
distances and angles and fractional coordinates, respectively.54 As predicted from the
spectroscopic data, the product isolated was indeed the coupled product and exhibits a
solid state structure very similar to those reported previously for compounds of the type
[Ta(R3SiOCECOSiR3 )(dmpe)2X]. Thus, the tantalum-carbon bond distances of 2.088 (7)
and 2.090 (7) A, as well as the C1-Ta-C2 angle of 36.6 (3)° all fall within the range that
has been previously found. The only major difference in this structure is the increase in
the average tantalum-phosphorus bond distance, which can be attributed to use of the
depe ligand rather than the more common dmpe derivative.
54 Details of the collection and reduction of the data, as well as structure refinement, are provided in
Chapter V. The non-hydrogen atom thermal parameters are presented in Table VI. A full table of bond
distances and angles are provided in Appendix I.
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C1
C15
Cll
C43
C101
C45
C102
C303a
Figure 3. Structural diagram of [Ta(tBuPh2 SiOCCOAc)(depe) 2Cl] (67) showing 40%
thermal ellipsoids for all non-hydrogen atoms. The disordered atoms are shown at the
sites of highest occupancy.
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Table IV. Selected Intramolecular Bond Distances and Angles Involving the
Nonhydrogen Atoms for [Ta(AcOC-COSitBuPh 2)(depe) 2C1] (67).a
bond distances
atom atom distance atom atom distance
Ta P(1) 2.579 (2) Ta P(2) 2.580 (2)
Ta P(3) 2.562 (2) Ta P(4) 2.570 (2)
Ta C(1) 2.088 (7) Ta C(2) 2.090 (8)
Ta C1 2.526 (2) C(1) C(2) 1.31 (1)
C(1) 0(1) 1.386 (8) C(2) 0(2) 1.44 (1)
Si 0(1) 1.660 (6) C(400) 0(2) 1.33 (1)
bond angles
atom atom atom angle atom atom atom angle
Ta C(1) 0(1) 152.5 (6) Ta C(2) 0(2) 159.9 (4)
C(1) Ta C(2) 36.6 (3) Si(1l) 0(1) C(1) 135.7 (5)
C(400) 0(2) C(2) 120.9 (7) C1 Ta P(2) 82.00 (7)
Cl Ta P(1) 83.56 (7) C1 Ta P(4) 81.01 (7)
C1 Ta P(3) 83.56 (7) Cl Ta C(2) 163.9 (2)
C1 Ta C(1) 160.1 (1) P(1) Ta P(3) 167.10 (7)
P(1) Ta P(2) 77.31 (7) P(1) Ta C(1) 103.4 (2)
P(1) Ta P(4) 99.94 (7) P(2) Ta P(3) 101.50 (6)
P(1) Ta C(2) 95.9 (2) P(2) Ta C(1) 118.8 (2)
P(2) Ta P(4) 162.99 (7) P(3) Ta P(4) 77.38 (7)
P(2) Ta C(2) 82.2 (2) P(3) Ta C(2) 96.6 (2)
P(3) Ta C(1) 88.5 (2) P(4) Ta C(2) 114.8 (2)
P(4) Ta C(1) 78.2 (2) 0(2) C(400) 0(3) 126(1)
0(2) C(400) C(401) 110.0(8) 0(3) C(400) C(401) 123.8(9)
a Atoms are labeled as indicated in Fig. 3. Distances are in angstroms and angles are in
degrees. Estimated standard deviations in the least significant figure are given in
parentheses.
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Surprisingly, the structure of the acetylene ligand was relatively unaffected by the
change in electrophile, indicating that its geometry is controlled mainly by the metal
center. The one significant change, an increase in the C2-02 bond, is readily explained
by the replacement of the silyl group with a carbonyl. With a silyl group as the
substituent, there is presumably donation of electron density from the oxygen into the 7-
system of the acetylenic portion of the molecule. With the carbonyl present, however, the
oxygen will be donating electron density into the new 7r-system, thereby decreasing the
C2-02 bond order. This effect is manifested by an increase in the C2-02 bond length, as
outlined in Scheme XV.
Scheme XV
Although the depe ligand system was important in increasing the yield of the
coupled product with ethyl triflate, it was possible that the high yields obtained in the
preparation of [Ta(AcOC=-COSitBuPh2)(depe)2Cl] resulted from the choice of
electrophile. The relative importance of electrophile versus the phosphine ligand was
easily probed by treating [Ta(COSitBuPh2)(CO)(dmpe)2] with acetyl chloride. When this
reaction was carried out in DME, the coupled product was obtained in yields comparable
to those found for the depe analog (eq 35). It therefore appears that the success of the
reductive coupling reactions with acetyl chloride can be attributed mainly to the choice of
electrophile.
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During these studies, attempts were made to increase the yield of the reaction, as
well as to suppress formation of the tantalum dicarbonyl byproduct. Although the
preparation of 67 was successful in THF, its isolation was somewhat hindered by the
presence of the dicarbonyl species. This problem was alleviated in the preparation of 68
by employing DME as the solvent, as well as by running the reaction at -30 C.
Repeating the synthesis of 67 under these conditions facilitates purification by decreasing
the amount of the dicarbonyl species present, although without a significant increase in
the yield of the reaction. Employing excess acetyl chloride in these reactions also did not
increase the yield, although no deleterious effects were observed, which can be helpful
when working on a small scale.
With the optimal conditions having been obtained for the tantalum complexes,
attention was next turned to expanding the scope of the reaction. The niobium complex
[Nb(COSitBuPh2 )(CO)(dmpe) 2] also underwent the desired coupling reaction under the
conditions described above, providing 69 in good yields (eq 36). It was not possible,
however, to replace acetyl chloride with benzoyl chloride. Regardless of the metal
complex employed and the reaction conditions, the predominant product isolated was the
corresponding dicarbonyl complex M(CO)2 (dmpe)2 C1] or [M(CO)2(depe) 2C1], as
evidenced by IR spectroscopy.
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The coupling reaction was also successful when methyl chloroformate was
employed as the electrophile in reactions with tantalum carbynes. As expected, the
reaction was significantly slower than that with acetyl chloride, based on the known
relative reactivity of the two electrophilic reagents in organic reactions. This reaction
proceeded smoothly at room temperature (eq 37), with no evidence for formation of 70 at
lower temperatures (-30 °C).
-P ,OS~iBuP2 _-p, - P OSitBuPI
CIC02Me - CTo a., aC TF Cl-Tal (37)
-P*'0 I- OTHF, 71% -P
/ .,.P\_ 0 / L,,- OCO2Me
29 70
Attention next returned to the prospect of promoting reductive coupling from the
dicarbonyl anion solely with carbon-based electrophilic species. It was hoped that by
employing the carbonyl-based electrophiles such as methyl chloroformate and acetyl
chloride, attack of the metal center upon addition of the first equivalent of the trapping
reagent might be avoided. Initially, the reaction was attempted with [Ta(CO)2(depe)2C1]
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in THF at room temperature. The main product isolated from these early attempts,
however, was a tantalum dicarbonyl species. Analysis of this material by 1H and 3 1p
NMR, as well as by TR spectroscopy, indicated that the seventh ligand was chloride ion.
Despite the inability to isolate the desired product, these reactions did provide some hope,
since a trace of a pentane-soluble green product was observed. Although the low yield
did not allow for characterization of this product, the solubility properties of this material
were consistent with the formation of a coupled ligand.
When the reaction was repeated under the optimal conditions for the carbyne
coupling, however, the results differed significantly. Thus, treatment of a DME solution
of Na[Ta(CO)2(dmpe)2] cooled to -30 C with two equivalents of acetyl chloride
provided a green solution after 10 minutes (eq 38). Upon removal of the solvents, the
_ P OAc
Na/Hg, DME ,P', I CO
then AcCI, C--- I (38)
-30 °C to rt, 48% -p- lOAc
/LP\`OAc
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green product was extracted with pentane from the dicarbonyl material. The infrared
spectrum of the pentane soluble material was consistent with the formation of 71, as
evidenced by two bands at 1742 and 1566 cm -l. Presumably, the reaction proceeds
through a carbyne intermediate, since the reaction mixture initially turns deep red upon
addition of acetyl chloride. The acetoxy carbyne appears to be quite unstable, however,
and all attempts to isolate it resulted in decomposition.
Recrystallization of the green solid from pentane provided green crystals, the
infrared spectrum of which was identical to that of the crude material. Further elemental
and spectroscopic analysis provided evidence for the formation of the coupled product.
The 1H NMR spectrum of the rather unstable compound showed a singlet at 1.82 ppm
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that integrated for six hydrogens, consistent with the presence of two acetyl groups, as
well as resonances due to the dmpe ligands. The 31p NMR spectrum consisted of a
single, sharp resonance at 24.5 Dpm, which is in the range of values for similar
reductively coupled products.
In order to gain further evidence for the identity of this new compound, the
reaction was repeated with the 13C labeled dicarbonyl starting material and acetyl
chloride. The 13C NMR spectrum of the coupled product [Ta(Me3SiO*C=C*OSiMe3 )-
(dmpe)2C1] comprises a five-line pattern centered at 212.5 ppm (JCP =15 Hz),26b whereas
[Ta(*CO)2(dmpe)2C1] exhibits a single, broad resonance at 273.5 ppm.39 Upon isolation
of 71 from the reaction with [Ta(*CO)2(dmpe)2C1], the 13C NMR was found to consist of
a five-line pattern centered at 200.4 ppm, with a coupling constant (JCP) of 14.7 Hz,
providing strong evidence for the formation of the desired coupled product.
Further spectroscopic evidence was obtained from material isolated from the
reaction of [Ta(CO)2(dmpe)2C1] with CH3*C(O)C1. The resulting green crystals
displayed a 13 C NMR spectrum consisting of a singlet at 166.6 ppm. In addition, the 1H
NMR spectrum displayed a doublet at 1.82 ppm, due to coupling of the methyl hydrogens
and labeled carbonyl carbon. Finally, the infrared spectrum revealed a characteristic shift
of the carbonyl from 1742 cm- l in the unlabeled compound to 1702 cm-1 in the labeled
material.
Structure confirmation was provided through a single crystal X-ray analysis of
[Ta(AcOCCOAc)(dmpe) 2Cl1]. Figure 4 provides a PLUTO diagram of one of the two
molecules in the asymmetric unit.5 5 The molecule comprises a single tantalum and
chlorine atom, as well as two dmpe ligands. Most noteworthy, however, is the diacetoxy
55 Although the structure refined to a reasonable R-factor (R = 6.4, Rw = 7.1), the two molecules in the
asymmetric unit showed some variability in certain bond distances. For this reason, bond distances and
angles have not been included in the text. Despite these shortcomings, it is clear that this study has
confirmed the structure of 71. For a further discussion, please refer to Chapter 5. The non-hydrogen atom
thermal parameters, as well as a full table of bond distances and angles are provided in Appendix I.
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Figure 4. PLUTO diagram of [Ta(AcOC=COAc)(dmpe)2Cl] (71) showing 40% ideal
spheres for all non-hydrogen atoms.
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acetylene ligand, formed by the successful reductive coupling of two carbon monoxide
ligands with subsequent trapping by acetyl chloride. This structure represents the first
example of reductive coupling of carbon monoxide on a gror,- V metal center promoted
solely by a carbon-based electrophile.
With full characterization of this new coupled product complete, the focus of the
work was changed to expand the scope of the reaction. Of significant interest was to
effect the reaction with bis-acid chlorides to provide a coupled product as part of a newly
formed ring. In contrast to the corresponding reactions with bis-chlorosilanes, these
reactions were found to be highly unsuccessful, however, irrespective of the size of the
ring being formed. Thus, treatment of a chilled DME solution of Na[Ta(CO)2(dmpe)2]
with reagents of the type CI(O)C(CR2)nC(O)Cl (n = 0-1, R = Me; n =2, R = H) resulted
in the isolation of [Ta(CO)2(dmpe)2C1], with no evidence for formation of the desired
product. Similar results were obtained when the dicarbonyl anions were treated with
triphosgene.
Similar results were obtained when the reaction was run with benzoyl chloride
and methyl chloroformate. In addition, all attempts to employ any of the niobium
analogs in this chemistry were met with failure, including reactions with acetyl chloride.
In these cases, the only product observed was the corresponding dicarbonyl complex. In
fact, the only other reaction found to be successful was treatment of a DME solution of
Na[Ta(CO)2(depe)2] with acetyl chloride at -30 °C (eq 39). Spectroscopic analysis of the
green crystals obtained from pentane indicated the formation of 72. In addition to the
two stretches at 1749 and 1569 cm- 1 in the infrared spectrum, the 1H NMR spectrum
confirmed the presence of two acetyl methyl groups, as evidenced by a singlet at 1.83
ppm that integrated for six hydrogens. The 31 p NMR spectrum again consisted of a sharp
singlet centered at 41.5 ppm. The 13 C NMR spectrum of the product obtained from the
reaction of Na[Ta(CO)2(depe)2] with CH3 13C(O)Cl comprised a singlet at 166.8 ppm,
analogous to the structurally characterized dmpe derivative. The coupled 13C NMR
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spectrum consisted of a quartet with a coupling constant (JCH) of 7.1 Hz, a value which
was also observed for the doublet centered at 1.83 ppm in the 1H NMR spectrum.
'LPEt 2 -U
Na/Hg, DME
then AcCI,
-30 oC to rt. 47%
36 72
In this chapter, we have introduced the ability to effect the reductive coupling
reaction of two carbonyl ligands with carbon-based electrophiles. Successful reductive
coupling can be achieved from the siloxycarbynes with a wide variety of electrophilic
species. In addition, the coupling reaction has also proven to be successful directly from
the appropiate dicarbonyl anion with acetyl chloride as the electrophilic partner.
Attempts to employ these new compounds, as well as the corresponding silyl compounds,
in subsequent synthetic transformations are described in the next chapter.
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Table V. Positional parameters and' B(eq) for the non-hydrogen atoms in
[Ta(AcOC=COSitBuPh 2 )(depe) 2C1] (67).a
B (eq), 2 b
2.07(1)
3.05(7)
2.70(8)
2.57(7)
2.63(7)
2.41(7)
3.6(1)
2.6(2)
3.1(2)
4.6(3)
2.0(3)
2.4(3)
3.1(3)
3.9(4)
3.4(3)
5.0(4)
4.9(4)
3.5(3)
3.1(3)
3.7(4)
3.5(3)
4.9(4)
3.2(3)
4.5(4)
3.7(3)
4.6(6)
5(1)
5.5(7)
3(1)
3.0(3)
3.0(3)
atom
Ta
C1
P(1)
P(2)
P(3)
P(4)
Si
0(1)
0(2)
0(3)
C(1)
C(2)
C(11)
C(12)
C(13)
C(14)
C(15)
C(21)
C(22)
C(23)
C(24)
C(25)
C(31)
C(32)
C(33)
C(34a)
C(34b)
C(35a)
C(35b)
C(41)
C(42)
x
0.28380(2)
0.2938(1)
0.2028(1)
0.3716(1)
0.3654(1)
0.1981(1)
0.2271(1)
0.2232(2)
0.3324(2)
0.2890(3)
0.2557(3)
0.2995(4)
0.2560(4)
0.1393(4)
0.1502(4)
0.1043(5)
0.0906(4)
0.3242(4)
0.4112(4)
0.4469(4)
0.4642(4)
0.4925(4)
0.3153(4)
0.4383(4)
0.4032(4)
0.4711(6)
0.514(1)
0.4601(7)
0.444(1)
0.2415(4)
0.1707(4)
y
0.18380(3)
0.2373(2)
0.3733(2)
0.3629(2)
0.0062(2)
0.0240(2)
-0.0733(2)
-0.0113(5)
0.1873(5)
0.3762(6)
0.0859(6)
0.1728(7)
0.5164(7)
0.4074(8)
0.3917(7)
0.533(1)
0.298(1)
0.4996(7)
0.4352(7)
0.352(1)
0.3582(8)
0.465(1)
-0.1166(7)
0.023(1)
-0.0780(8)
-0.083(1)
0.062(3)
-0.006(1)
-0.200(3)
-0.1295(7)
0.0246(7)
z
0.60311(1)
0.7190(1)
0.5627(1)
0.6331(1)
0.6693(1)
0.6073(1)
0.4012(1)
0.4682(2)
0.4730(2)
0.4352(3)
0.5124(3)
0.5165(3)
0.5873(4)
0.5950(4)
0.4701(4)
0.5773(5)
0.4365(4)
0.5830(4)
0.7186(4)
0.6152(4)
0.7772(4)
0.6289(5)
0.6851(4)
0.7556(4)
0.6231(4)
0.7968(6)
0.746(1)
0.6177(7)
0.640(1)
0.6246(4)
0.6'749(4)
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Table V. Positional parameters and B(eq) for the non-hydrogen atoms in
[Ta(AcOC=COSitBuPh2)(depe) 2C1] (67).a
x
0.1147(3)
0.1193(5)
0.0725(4)
0.1523(4)
0.0845(4)
0.1525(5)
0.1497(5)
0.2102(4)
0.2245(5)
0.2058(6)
0.1722(5)
0.1591(6)
0.1787(5)
0.3226(4)
0.3599(5)
0.3142(3)
0.3714(3)
0.4361(3)
0.4437(3)
0.3865(3)
0.3218(3)
0.320(1)
0.359(1)
0.428(1)
0.458(1)
0.420(1)
0.351(1)
y
-0.0063(7)
0.1269(8)
-0.117(1)
-0.1849(8)
-0.1127(7)
-0.273(1)
-0.257(1)
0.042(1)
0.013(1)
0.090(1)
0.201(1)
0.234(1)
0.152(1)
0.289(1)
0.277(1)
-0.1628(6)
-0.0954(4)
-0.1527(6)
-0.2774(6)
-0.3449(4)
-0.2876(6)
-0.094(2)
-0.022(2)
-0.055(2)
-0.159(2)
-0.231(2)
-0.198(2)
z B (eq), A]2 b
0.5303(3)
0.6672(4)
0.5314(5)
0.3654(4)
0.3394(4)
0.4206(5)
0.3056(5)
0.3347(4)
0.2792(5)
0.2261(6)
0.2232(5)
0.2780(6)
0.3326(4)
0.4358(4)
0.3922(4)
0.4304(3)
0.4351(3)
0.4561(4)
0.4723(4)
0.4676(3)
0.4466(3)
0.418(1)
0.395(1)
0.412(1)
0.452(1)
0.474(1)
0.457(1)
2.7(3)
4.2(4)
4.5(4)
3.4(3)
3.6(3)
5.7(4)
6.1(5)
4.7(4)
6.6(5)
8.2(7)
5.9(5)
7.8(6)
5.2(4)
3.4(3)
5.1(4)
2.9
2.9
2.9
2.9
2.9
2.9
5.6
5.6
5.6
5.6
5.6
5.6
a Atoms are labeled as indicated in Fig. 3. Estimated standard deviations in the least
significant figure are given in parentheses. b B (eq) = 4/3 [a2111 + b2 022 + C2 333 +
2ab cos(y)p12 + 2ac cos(1)pl 3 + 2bc cos(a)023].
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atom
C(43)
C(44)
C(45)
C(100)
C(101)
C(102)
C(103)
C(200)
C(201)
C(202)
C(203)
C(204)
C(205)
C(400)
C(401)
C(300a)
C(305a)
C(304a)
C(303a)
C(302a)
C(301a)
C(300b)
C(305b)
C(304b)
C(303b)
C(302b)
C(301b)
_ _ _ _ _ _ _
Table VI. Non-Hydrogen Atom Thermal Parameters for
[Ta(AcOC=COSitBuPh 2 )(depe) 2 Cl] (67).a
atom Ull U22 U33 U12 U13 U23
Ta 0.0248(2) 0.0326(2) 0.0224(1) 0.0017(2) 0.0118(1) 0.0025(1)
C1 0.042(1) 0.047(1) 0.031(1) -0.007(1) 0.020(1) -0.007(1)
P(1) 0.029(1) 0.037(1) 0.036(1) 0.004(1) 0.015(1) 0.006(1)
P(2) 0.027(1) 0.039(1) 0.033(1) -0.000(1) 0.016(1) 0.001(1)
P(3) 0.030(1) 0.039(1) 0.027(1) 0.003(1) 0.010(1) 0.005(1)
P(4) 0.029(1) 0.035(1) 0.031(1) 0.002(1) 0.018(1) 0.001(1)
Si 0.029(1) 0.077(2) 0.027(1) 0.006(1) 0.012(1) -0.011(1)
0(1) 0.031(3) 0.044(3) 0.025(2) 0.004(2) 0.015(2) 0.001(2)
0(2) 0.034(3) 0.054(3) 0.035(3) -0.002(3) 0.022(2) 0.006(3)
0(3) 0.070(4) 0.058(4) 0.053(4) 0.005(4) 0.034(3) 0.021(3)
C(1) 0.019(3) 0.033(4) 0.021(3) 0.004(3) 0.007(3) 0.001(3)
C(2) 0.033(4) 0.036(4) 0.024(3) 0.008(4) 0.015(3) 0.008(3)
C(11) 0.044(5) 0.036(5) 0.034(4) 0.002(4) 0.013(4) 0.001(4)
C(12) 0.038(5) 0.055(6) 0.059(5) 0.012(4) 0.026(4) 0.007(5)
C(13) 0.034(4) 0.042(5) 0.042(5) 0.005(4) 0.009(4) 0.016(4)
C(14) 0.058(6) 0.064(7) 0.081(7) 0.011(5) 0.044(6) 0.012(6)
C(15) 0.043(5) 0.079(7) 0.046(5) -0.008(5) 0.006(4) 0.010(5)
C(21) 0.043(5) 0.031(5) 0.060(5) -0.007(4) 0.026(4) 0.004(4)
C(22) 0.026(4) 0.049(5) 0.038(4) -0.001(4) 0.012(3) -0.006(4)
C(23) 0.036(5) 0.064(6) 0.050(5) -0.009(4) 0.028(4) -0.005(4)
C(24) 0.036(5) 0.052(5) 0.038(4) -0.006(4) 0.009(4) -0.008(4)
C(25) 0.043(5) 0.086(8) 0.071(6) -0.019(5) 0.038(5) -0.015(6)
C(31) 0.041(5) 0.042(5) 0.039(4) 0.003(4) 0.018(4) 0.010(4)
C(32) 0.050(5) 0.063(6) 0.042(5) -0.002(5) 0.007(4) 0.015(5)
C(33) 0.043(5) 0.043(5) 0.057(5) 0.018(4) 0.025(4) 0.010(4)
C(34a) 0.041(7) 0.06(1) 0.056(8) 0.012(7) 0.006(6) 0.008(7)
C(34b) 0.03(1) 0.05(2) 0.07(2) -0.02(1) -0.00(1) -0.03(2)
C(35a) 0.08(1) 0.07(1) 0.09(1) 0.02(1) 0.07(1) -0.00(1)
C(35b) 0.04(1) 0.05(2) 0.04(1) 0.00(1) 0.01(1) -0.00(1)
C(41) 0.032(4) 0.038(5) 0.049(5) 0.003(4) 0.023(4) 0.000(4)
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Table VI. Non-Hydrogen Atom Thermal Parameters for
[Ta(AcOC=COSitBuPh 2)(depe) 2C1] (67).a
atom
C(42)
C(43)
C(44)
C(45)
C(100)
C(101)
C(102)
C(103)
C(200)
C(201)
C(202)
C(203)
C(204)
C(205)
C(400)
C(401)
Ull
0.044(5)
0.025(4)
0.066(6)
0.036(5)
0.040(4)
0.035(5)
0.084(7)
0.054(6)
0.041(5)
0.081(7)
0.09(1)
0.062(7)
0.070(8)
0.048(6)
0.032(4)
0.061(6)
U22
0.039(5)
0.043(5)
0.052(6)
0.053(6)
0.047(5)
0.042(5)
0.038(5)
0.11(1)
0.10(1)
0.14(1)
0.15(1)
0.09(1)
0.13(1)
0.08(1)
0.062(6)
0.10(1)
U33
0.043(4)
0.033(4)
0.058(6)
0.077(6)
0.035(4)
0.052(5)
0.069(6)
0.064(6)
0.031(5)
0.039(5)
0.060(8)
0.040(5)
0.072(8)
0.042(5)
0.034(4)
0.039(5)
U12
-0.004(4)
0.001(4)
-0.003(5)
-0.010(4)
0.007(4)
-0.005(4)
0.007(5)
0.003(6)
-0.032(6)
-0.057(8)
-0.06(1)
-0.041(7)
-0.038(7)
-0.026(5)
-0.010(4)
-0.012(6)
U13
0.031(4)
0.014(3)
0.044(5)
0.024(5)
0.011(4)
0.014(4)
0.015(6)
0.021(5)
0.012(4)
0.038(5)
0.017(7)
0.001(5)
0.008(6)
-0.000(4)
0.015(4)
0.031(5)
U23
0.002(4)
-0.001(4)
0.002(5)
-0.014(5)
-0.007(4)
-0.001(4)
0.009(5)
-0.041(6)
0.001(5)
-0.009(6)
0.01(1)
0.028(6)
0.038(8)
0.027(5)
0.008(4)
0.015(5)
a Atoms are labeled as indicated in Figure 3. Estimated standard deviations in the
least significant figures are given in parantheses. Anisotropic temperature factors
are of the form exp[-2nc2 (Ullh 2 a*2 ... + 2U12hka*b* + ...)].
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CHAPTER 4
Studies on the Synthetic Elaboration
of the Group V Coupled Products
One of the most fundamental goals of organometallic chemistry is to explore
systems that will allow for the incorporation of relatively inert substrates, such as carbon
monoxide, into more complex organic products. These systems may range in scope from
carbonylative coupling to developing a catalytic system for the formation of ethylene
glycol from synthesis gas. Regardless of the application, transition metal mediated
processes often provide compounds of significant synthetic interest that might otherwise
be difficult to prepare.
One interesting aspect of stoichiometric systems that permit the reductive
coupling of two carbon monoxide ligands is the synthetic potential of the newly formed
ligands. In addition to providing a possible route to ethylene glycol upon successful
reduction of the organic 7r-system, there also exists the potential of exploiting other
intermediates along the reaction pathway (Scheme XVI).
Scheme XVI
OR
MLC 1 M H 2 H 2 OHco ---------, LM --------,- LnM- - / F-
OR HO
OR
[n + 2] cycloaddtions,
cyclotrimerizations,
classical manipulations
of -systems
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The earliest examples of reductive coupling of carbon monoxide were reported by
Liebig in 1834 (vide supra).9 As discussed previously, all attempts to convert the
dipotassium salt of acetylenediol to the corresponding diethers were unsuccessful.1 1
Although this system failed to provide the desired organic compounds, there has been
limited success in the direct synthesis of acetylene diethers. Serratosa has reported the
synthesis of a series of dialkoxyacetylenes in five steps from 1,4-dioxane, outlined in
Scheme XVII.56 This strategy is rather divergent, however, as evidenced by the fact that
only two of the carbon atoms from dioxane are incorporated into the acetylene fragment
and both oxygens must be supplied from an external reagent. In addition, these
compounds are unstable, with only di-(tert-butoxy)acetylene exhibiting enough stability
to be stored for extended periods. The significant potential application of this compound
as a synthetic intermediate is limited, however, owing to its propensity to polymerize at
temperatures greater than 50 °C.
Scheme XVII
Cl 2, 12 _ C1 tBuOH, K 2 C0 3
90 C A
tBuO
(1) PCI hexane
(2)Liq.NH 3
OtBudBU tBUO Cl BuO Cl
. NaNH 2 . KOtBu, hex
NH3, Et2 0 v 0 - 20 C 
tBuO H tBuO CI
OtBu
The synthesis of various ethylene diethers has been reported in the literature.
Although these compounds exhibit much greater thermal stability than their acetylenic
analogs, their synthesis can be somewhat limiting. One deficiency with the literature
56Bou, A.; Percais, M. A.; Riera, A.; Serratosa, F. Organic Syntheses 1987, 65, 68. Serratosa, F. Acc.
Chem. Res. 1983, 16, 170.
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reports is the requirement that the same substituent be present on both oxygen atoms, as
illustrated in equation 40.57 The potential synthetic application of these compounds is
therefore limited, since differentiation between the two oxygen atoms becomes virtually
impossible. Altering the reaction conditions to employ tBuMe2SiCl rather than TMSC1
has also proved to be detrimental, resulting in a 3% yield of the desired olefin.58
Na, TMSCI OTMS
HK OPr Et 20, A 39% TMSO (40)
The reductive coupling chemistry described here has the potential to provide
routes to both acetylenic and olefinic diethers. In contrast to the free acetylenes, the
coupled products have proven to be thermally quite stable, potentially providing a much
more reliable source of the organic fragment. In addition, hydrogenation of both the
tantalum5 9 and vanadium29 coupled products has been shown to afford the free olefin. In
all circumstances, the reductive coupling chemistry allows for two different groups to be
introduced on the oxygen atoms, thereby providing a system that ensures the ability for
selective deprotection and reactivity at later stages of synthetic elaborations.
The first approach examined was to employ the coupled product directly in Diels-
Alder reactions. Initial studies were carried out with furan as the diene and
[Ta(Me3 SiOC-COSiMe 3)(dmpe) 2C1] (21) and its vanadium analog acting as the
dienophile under thermal conditions. Thus, a benzene-d6 solution of the two components
was heated in a sealed tube and the reaction monitored by 1H NMR spectroscopy. In
both cases, no reaction was observed at temperatures up to 150 C, while higher
temperatures resulted in decomposition (eq 41). Repeating the reaction with a more
reactive diene, 1,3-diphenylisobenzofuran, provided similarly disappointing results.
57 Scharf, H.; Mattay, J. Tetrahedron Lett 1976, 39, 3509.
58 Vrtis, R. N. PhD Thesis, Massachusetts Institute of Technology, 1990.
59 Vrtis, R. N.; Bott, S. G.; Rardin, R. L.; Lippard, S. J. Organometallics 1991, 10, 1364.
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n I OTM * S 0C
P.-.' c 'OMPh
CI-aasi C6 , AN No Reaction (41)
C,,I CD, A
/ LP\- OTMS
21
Further studies of the Diels-Alder reactions focused on varying the electronic
properties of the diene. One would expect both the free acetylene and olefin to be
electron rich ic-systems. It was therefore possible that the metal complex might
participate in an inverse electron demand Diels-Alder reaction. Treatment of the
tantalum complex with hexachlorocyclopentadiene in benzene-d6 resulted in an
immediate reaction. Analysis of the reaction mixture by 1H NMR and mass spectrometry
showed TMSC as the only volatile product, with no evidence for incorporation of the
acetylene fragment (eq 42). The infrared spectrum of the solid obtained upon
r'/, _,~c6 r/,
C6D6 , rt c (42)
/ L 0
21 20
concentration of the reaction medium indicated the presence of [Ta(CO)2(dmpe)2C1]
(20). Presumably, the redox active metal center undergoes an SET reaction with the
hexachlorocyclopentadiene. Loss of chloride followed by attack on a silyl group would
then provide the observed product. A brief survey of the literature revealed no reports of
metal bound acetylenes being employed as dienophiles in [4 + 2] cycloadditions. It is
likely that the interaction of the metal with the -system perturbs both the HOMO and
LUMO of the acetylene enough to preclude its participation in these types of reactions.
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With the extensive scope of transition metal mediated cross coupling reactions
now available, a significant amount of work has focused on the preparation of appropriate
substrates. Included in these studies is the preparation of vinyl triflates from the
corresponding carbonyl compounds.60 Early examples relied on triflic anhydride to trap
the intermediate enolate, although later work introduced a series of new triflating reagents
that are more stable and allow for more facile purification. Elaboration of the vinyl
triflate can then be accomplished with a variety of transition metal based systems.61
Application of this strategy to the reductive coupling chemistry was of interest, since it
would promote the coupling of two carbon monoxide molecules as well as allow for
subsequent synthetic elaboration of the new C2 fragment. Attention was first turned to
preparing the necessary coupled product.
Initial attempts to effect the coupling reaction were made with the tantalum
carbyne 29 and triflic anhydride. As discussed previously, the coupling reaction proceeds
most smoothly in polar solvents such as DME and THF. A survey of literature examples
of enolate trapping with triflic anhydride, however, indicated that oxygenated solvents
were normally avoided, dichloromethane being most often employed. Unfortunately,
dichloromethane is unsuitable as a reaction solvent, since the tantalum complexes are
unstable to chlorinated solvents. Attempts to effect the coupling reaction from the
carbyne in either DME or a pentane/toluene mixture resulted in the formation of an
intractable oil. Analysis of the infrared spectrum of the crude material also showed no
evidence for the formation of a coupled product (eq 43).
P~ ,OSiBuPh2
/ " ",,, O C Tf2O, DMETa or pentane/tol Decomposition (43)**-, ,I -,'C or pentane/tol
29
60 Stang, P. J.; Hargrove, R. J. J. Org. Chem. 1975, 40, 357.
6 1For a recent review of cross coupling reactions, see Ritter, K. Synthesis 1993, 735.
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Due to the concern that traces of triflic acid present in the triflic anhydride
employed above was the reason for the poor results, attention was turned to finding
alternative triflating reagents. N-Phenyltriflimide has emerged as an attractive alternate
to triflic anhydride. It is a less reactive reagent being a stable, non-hygroscopic solid,
making its storage and manipulation significantly easier.62 In addition, a wider variety of
solvents can be employed with this reagent, increasing the scope to include solvents in
which reductive coupling is known to be successful. Unfortunately, attempts to effect the
desired reaction with this reagent and 48 were unsuccessful, providing instead a
dicarbonyl species (eq 44). Attempts to achieve the reductive coupling reaction directly
from the dicarbonyl anion with a fresh source of triflic anhydride gave similar results.
A ./i -PEt2
Et 2 P'.. jC | PhNTf 2
\PE2 05i auPN THF
K. PEt2 OSitBuPh2
(44)
48
Other methods to employ the coupled product directly in synthetic strategies
included the reaction of coupled product 21 with iodobenzene in the presence of a
palladium catalyst. Although a variety of different solvent systems and reaction
conditions were attempted, the system remained unresponsive. Indeed, the only process
that seemed to be occurring in these systems was slow decomposition of the coupled
product. Similar results were also obtained when the coupled product was treated with
reagents such as ethyl diazoacetate, trimethylsilyldiazomethane, and trimethylsilylazide.
In these systems, the only product observed by infrared and 1H NMR spectroscopy was
the corresponding dicarbonyl complex. Analysis of the volatile components again
showed no evidence of incorporation of the coupled product.
6 2Hendrickson, J. B.; Bergeron, R. Tetrahedron Lett 1973, 4607.
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At this point, the efforts shifted from reacting the C2 ligand directly on the
tantalum or niobium metal center to finding methods that would first allow for its transfer
from the metal center. Elaboration of the free organic fragment presumably could be
accomplished in subsequent reactions. One aspect that had not been previously examined
was removal of the coupled product in the acetylenic oxidation state. In view of the
reports by Serratosa, it was felt that the free disiloxyacetylenes would probably be prone
to rapid polymerization. Attention was focused, therefore, on systems that were known
to have a high affinity for acetylene ligands.
Dicobalt octacarbonyl, Co2(CO)8, was reported to react with acetylenes as early
as 1955, a reaction that proceeds by the acetylene displacing the two bridging carbon
monoxide ligands in the original complex.6 3 This reaction has significant synthetic
utility, since the cobalt complex has proved to be a useful protecting group for acetylenes
and may be removed under mild conditions. The stable cobalt complexes can also be
employed in the synthesis of cyclopentenones via the Pauson-Khand reaction (Scheme
XVIII).64
Scheme XVIII
R O0
I I + ¢Co 2 (COR R1
R 3
n2 R2 R3
When a pentane solution of the coupled product 21 was treated with one
equivalent of Co2(CO)8 , an immediate reaction occurred, providing a deep red solution as
well as a yellow-brown solid (eq 45). Following isolation of the solid, analysis of its
infrared spectrum indicated that it was [Ta(CO)2(dmpe)2C1] contaminated with a small
63Greenfield, H.; Sternberg, H. W.; Friedel, R. A.; Wotiz, J. H.; Markby, R.; Wender, I. J. Am. Chem. Soc.
1956, 78, 120.
64 For general reviews, see (a) Schore, N. E. Org. React. 1991, 40, 1. (b) Schore, N. E. In Comprehensive
Organic Synthesis; Semmelhack, Ed.; Pergamon Press: Oxford, 1991; Vol. 9, p 1037.
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amount of the cobalt starting material. More intriguing, however, were the spectroscopic
properties of the pentane soluble material. Upon removal of the solvents under vacuum,
analysis of the infrared spectrum showed three strong bands around 2000 cm- 1. In
addition, no stretch was observed in the vicinity of 1850 cm-1, which has been assigned
to the bridging carbonyls of the starting material and whose absence is indicative of the
formation of a cobalt acetylene complex. The 1H NMR spectrum of the red solid from
pentane was dominated by a singlet at 0.44 ppm, indicating the presence of a TMS group.
The spectrum also indicated the presence of a small amount of the tantalum complex, as
well as one other uncharacterized resonance attributable to a TMS moiety.
Unfortunately, the yield of this reaction was rather low, although attempts to optimize the
2 C C 2(CO)8 Me2 CO OSiMe3
Cl-)a~B pentane Cl-Ta + (CO)6Co2 (45)
Me 2 L,PMe2 OSiMe3 MeP Me2
21 20 73
reaction conditions have not yet been fully explored. Similar results were obtained with
the corresponding niobium complex [Nb(TMSOC-COTMS)(dmpe) 2 Cl]. urther
evidence for the formation of a cobalt acetylene complex came from the reaction of the
coupled product [Ta(Ph3SiOCCCOSiMe3)(dmpe)2 Cl] (51) with Co2(CO)g in a sealed
reaction vessel. Upon isolation of the pentane soluble material, the 1H NMR spectrum
clearly showed the presence of two types of phenyl resonances, as well as two TMS-
signals. It appears that this reaction terminated before reaching completion, resulting in
the isolation of a mixture of starting material and product. Preliminary attempts to
employ the cobalt complex in a Pauson-Khand reaction have been unsuccessful, although
these studies are still in progress.
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It was established previously that hydrogenation of the tantalum coupled products
with the aid of an appropriate catalyst provided the corresponding olefin. Thus,
hydrogenation of compounds of the type [Ta(R3SiOC=COSiR3)(dmpe)2 C1] with either
palladium on carbon or Wilkinson's catalyst and a hydrogen-carbon monoxide mixture
afforded the corresponding cis olefin (R3 SiOC=COSiR 3). Attempts to effect the
transformation either without the catalyst or the carbon monoxide resulted in decreased
yields and extended reaction times. In these studies, it was found that the trimethylsilyl
derivative was unstable to the workup conditions, and that the best results were obtained
with the TBDMS derivative (R3Si = tBuMe2Si). Later work showed that removal of the
coupled product from vanadium could be accomplished without the aid of a catalyst. In
this system, the TMS derivative was employed and the compound was not isolated.
Instead, the yields were determined by 1H NMR spectroscopy.
The present work focused on both the tantalum and niobium systems for the
preparation of the desired olefin. Reduction of the tantalum compounds followed the
procedure described previously, although the reaction was somewhat cleaner when
rhodium on alumina was used in place of palladium on carbon. The yields of olefin,
however, were somewhat variable. Initially, it was thought that the olefin might be
unstable, but such does not appear to be the case. The compound appears to be quite
robust, as reflected in its reactivity (vide infra).
One of the most intriguing results obtained from the hydrogenation studies arose
when a DME solution of the niobium complex [Nb(tBuMe2SiOC-COSiMe2 tBu)-
(dmpe)2C1] (74) was subjected to an atmosphere comprised of a 1:1 mix of hydrogen and
carbon monoxide. After allowing the reaction to stir for five minutes, the green color of
the coupled product was replaced by a red solution. Analysis of the product after workup
indicated that the olefin 74 was formed under these very mild conditions, although the
yield was calculated to be ca. 10% by 1H NMR (eq 46). Although the two systems did
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not provide the consistency and yields that had been desired, optimization of the
reduction was not attempted.
_p P OTBDMS%/ I T C H2ICO OTBDMS
Cl- NbCI Cs6 CTBDMSO (46)
--P
L _P\ OTBDMS
74 75
Attention next turned to incorporating the isolated olefin in a series of synthetic
strategies. Scharf previously reported that Z-bis-trimethylsiloxyethylene will undergo
Diels-Alder reactions with electron deficient dienes.57 A series of reactions were run
with ethyl vinyl ether as a mimic of our substrate. Treatment of ethyl vinyl ether with a
series of dienes provided the corresponding Diels-Alder adducts. Not surprisingly, the
reaction was most facile with the electron deficient hexachlorocyclopentadiene. All
attempts to employ olefin 75 in these reactions resulted in almost quantitative recovery of
the starting material. Heating a toluene-d8 solution of the olefin and hexachloro-
cyclopentadiene in a sealed tube at 180 C for five days resulted in no reaction, as
measured by GC analysis and 1H NMR. Similar results were observed when
cyclopentadiene was employed as the olefin, as well as the highly electron deficient 3,6-
dipyridyl-1,2,4,5-tetrazine. In all cases, the amount of olefin stayed almost constant, as
measured against an internal standard. Presumably, the steric bulk of the two tBuMe2Si
groups blocked the olefin from participating in the desired reactions. Indeed, the only
reaction that consumed the olefin was treatment of a dichloromethane solution of 74 with
mCPBA, although no discrete products could be isolated.
At this time, efforts were undertaken to find a system that would allow for the
facile preparation of a stable olefin while decreasing the steric demands of the two
oxygen substituents. The first approach involved manipulations of the two silyl groups.
Attempts at employing either a TMS or TES moiety in conjunction with a more bulky
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silyl group were unsuccessful, however, since the olefins could not be isolated. Efforts to
make olefins with more stable siloxy groups for transformations involving highly reactive
reagents were hindered by the synthesis of the coupled product precursors (eq 14).
Hydrogenation of coupled products containing one or more acetate group was also
unsuccessful, with no evidence for the formation of the desired olefin.
One new molecule prepared during these studies was the coupled product 76, by
treating a THF solution of Na[Ta(CO)2(depe)2] with one equivalent of 1,2-
bis(chlorodimethylsilyl)ethane (eq 47). Synthesis of the analogous compounds from
Na[Ta(CO)2(dmpe)2] and Na[Nb(CO)2(depe)2] was somewhat difficult and low yields
were obtained.
(10\ -\t M92PEt2 MlEt2P. CP E2PM
T. I C Na/Hg, THF E 2
Cl Taf , Cl-Tal (47)I2P1' °C CIMe2Si(CH2)2SiMe2CI I`, O4
Et,PEt 2 'O Et2 PEt2 OSiMe2
36 76
In order to examine the geometry of the coupled product ligand more closely, a
crystal structure of 76 was obtained. Figure 5 provides an ORTEP view of the crystal
structure, and Tables VII and VIII report some pertinent bond distances and angles and
fractional coordinates, respectively.65 The geometry of the acetylene ligand appears to be
unaffected by the formation of the eight-membered ring, and all of the bond distances and
angles are quite similar to compounds reported previously. It is hoped that the olefin
obtained upon hydrogenation will be more reactive than the corresponding acyclic
compounds and allow for subsequent synthetic elaborations. Studies on the reduction of
the coupled product, as well as the reactivity of the corresponding olefin are currently
underway.
6 5Details of the collection and reduction of the data, as well as the structure refinement, are provided in
Chapter V. The non-hydrogen atom thermal parameters are presented in Table IX. A full table of bond
distances and angles are provided in Appendix I.
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Figure 5. Structural diagram of [Ta(Me2SiO=COSiMe2)(depe)2Cl] (76) showing 40%
thermal ellipsoids for all non-hydrogen atoms.
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Table VII. Selected Intramolecular Bond Distances and Angles Involving the
Nonhydrogen Atoms for [Ta(Me2SiOC-COSiMe 2)(depe) 2C1] (76).a
bond distances
atom atom distance atom atom distance
Ta P(1) 2.558 (4) Ta P(2) 2.565 (4)
Ta P(3) 2.546 (4) Ta P(4) 2.555 (4)
Ta C(1) 2.09 (1) Ta C(2) 2.11 (1)
Ta C1 2.511 (3) C(1) C(2) 1.24 (2)
C(1) 0(1) 1.46 (1) C(2) 0(2) 1.40 (1)
Si(1l) 0(1) 1.637 (8) Si(2) 0(2) 1.623 (8)
bond angles
atom atom atom angle atom atom atom angle
Ta C(1) 0(1) 148 (1) Ta C(2) 0(2) 152 (1)
C(1) Ta C(2) 34.2 (5) Si(1) 0(1) C(1) 134.2 (8)
Si(2) 0(2) C(2) 133.8 (8)
Cl Ta P(1) 86.0 (1) C1 Ta P(2) 83.1 (1)
Cl Ta P(3) 87.8 (1) C1 Ta P(4) 82.9 (1)
Cl Ta C(1) 162.9 (4) Cl Ta C(2) 162.9 (4)
P(1) Ta P(2) 78.0 (1) P(1) Ta P(3) 173.5 (1)
P(1) Ta P(4) 103.11 (9) P(1) Ta C(1) 96.9 (3)
P(1) Ta C(2) 90.4 (3) P(2) Ta P(3) 99.40 (9)
P(2) Ta P(4) 165.9 (1) P(2) Ta C(1) 114.0 (4)
P(2) Ta C(2) 79.8 (4) P(3) Ta P(4) 77.9 (1)
P(3) Ta C(1) 89.6 (3) P(3) Ta C(2) 95.0 (3)
P(4) Ta C(1) 79.9 (4) P(4) Ta C(2) 114.1 (4)
a Atoms are labeled as indicated in Fig. 5. Distances are in angstroms and angles are in
degrees. Estimated standard deviations
parentheses.
in the least significant figure are given in
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Table VIII. Positional parameters and B(eq) for the non-hydrogen atoms in
[Ta(Me 2SiC----COSiMe2)(depe)2Cl] (76).a
B(eq), A2 b
1.36(1)
2.7(1)
1.8(1)
1.7(1)
1.7(1)
1.7(1)
3.5(2)
3.5(2)
3.8(4)
4.3(4)
2.2(5)
2.0(5)
2.3(5)
2.9(5)
2.6(5)
4.9(7)
4.0(7)
2.5(6)
2.8(6)
2.3(5)
3.1(6)
4.0(7)
2.4(5)
2.8(6)
2.7(6)
3.5(6)
3.1(6)
2.5(6)
2.2(5)
2.7(5)
atom
Ta
C1l
P(1)
P(2)
P(3)
P(4)
Si(1)
Si(2)
0(1)
0(2)
C(1)
C(2)
C(11)
C(12)
C(13)
C(14)
C(15)
C(21)
C(22)
C(23)
C(24)
C(25)
C(31)
C(32)
C(33)
C(34)
C(35)
C(41)
C(42)
C(43)
x
0
-0.1964(3)
-0.0925(3)
-0.0995(3)
0.0685(3)
0.0530(3)
0.4202(3)
0.2862(3)
0.2819(7)
0.1882(9)
0.174(1)
0.139(1)
-0.179(1)
-0.191(1)
0.008(1)
-0.261(2)
0.083(1)
-0.121(1)
-0.247(1)
-0.025(1)
-0.262(1)
-0.080(1)
0.098(1)
-0.020(1)
0.214(1)
0.032(1)
0.216(1)
0.153(1)
-0.057(1)
0.134(1)
Y
0.19466(2)
0.1939(2)
0.1102(2)
0.2860(2)
0.2824(2)
0.1076(2)
0.1485(2)
0.2366(2)
0.1348(5)
0.2560(5)
0.1726(7)
0.2174(7)
0.1669(7)
0.0360(7)
0.0662(7)
0.0000(8)
0.0079(8)
0.2377(9)
0.3162(7)
0.3692(6)
0.3682(8)
0.4138(8)
0.2332(8)
0.3598(8)
0.3242(8)
0.4068(9)
0.3770(7)
0.1542(8)
0.0764(6)
0.0230(7)
z
0.25
0.2970(2)
0.1496(2)
0.1579(2)
0.3527(2)
0.3565(2)
0.2535(2)
0.0801(2)
0.2620(5)
0.1338(5)
0.2358(7)
0.1882(6)
0.0786(8)
0.1682(7)
0.0928(7)
0.103(1)
0.1284(8)
0.0696(8)
0.166(1)
0.1344(7)
0.2280(8)
0.069(1)
0.4407(7)
0.3789(7)
0.3470(8)
0.4422(8)
0.2833(8)
0.4257(8)
0.4151(6)
0.3440(7)
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Table VIII. Positional parameters and B(eq) for the non-hydrogen atoms in
[Ta(Me 2 SiOC-COSiMe2)(depe)2C1] (76).a
atom x y z B(eq), A2 b
C(44) -0.140(1) 0.0186(8) 0.3820(8) 3.5(6)
C(45) 0.183(2) -0.0205(8) 0.4131(8) 4.5(7)
C(200) 0.448(1) 0.130(1) 0.155(1) 7(1)
C(201) 0.475(1) 0.241(1) 0.285(1) 7(1)
C(202) 0.497(1) 0.078(1) 0.311(1) 8(1)
C(300) 0.342(1) 0.145(1) 0.094(1) 5.7(9)
C(301) 0.406(2) 0.307(1) 0.096(1) 6(1)
C(302) 0.211(2) 0.243(1) -0.009(1) 8(1)
a Atoms are labeled as indicated in Fig. 5. Estimated standard deviations in the least
significant figure are given in parentheses. b B (eq) = 4/3 [a2fl31 + b2 322 + c2 P133 +
2ab cos(y)1312 + 2ac cos(3)r313 + 2bc cos(a)P23].
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Table IX. Non-Hydrogen Atom Thermal Parameters for
[Ta(Me 2giOCCOSiMe2)(depe)2C1] (76).a
atom Ull U22 U33 U12 U13 U23
Ta 0.0165(2) 0.0191(2) 0.0157(2) -0.0003(3) 0.0010(1) 0.0002(3)
C1 0.019(2) 0.042(2) 0.043(2) 0.004(1) 0.014(1) 0.008(1)
P(1) 0.025(2) 0.021(1) 0.023(2) -0.003(2) -0.002(2) 0.000(1)
P(2) 0.019(2) 0.020(2) 0.027(2) 0.002(2) -0.001(1) 0.002(1)
P(3) 0.021(2) 0.023(2) 0.021(2) -0.004(2) 0.002(1) -0.003(1)
P(4) 0.024(2) 0.022(2) 0.017(1) 0.001(2) -0.001(1) 0.000(1)
Si(1) 0.020(2) 0.051(2) 0.065(3) 0.007(2) 0.009(2) 0.011(2)
Si(2) 0.041(2) 0.061(2) 0.037(2) 0.002(2) 0.022(2) 0.005(2)
O(1) 0.016(4) 0.053(6) 0.078(7) 0.005(4) 0.015(4) 0.020(5)
0(2) 0.064(6) 0.044(5) 0.065(6) 0.014(5) 0.055(5) 0.015(5)
C(1) 0.009(5) 0.038(7) 0.040(7) -0.006(5) 0.015(5) -0.021(6)
C(2) 0.019(6) 0.037(6) 0.024(6) -0.009(5) 0.017(5) -0.007(5)
C(1 1) 0.046(9) 0.014(6) 0.024(7) 0.007(6) -0.008(6) -0.001(5)
C(12) 0.026(7) 0.029(7) 0.054(8) -0.013(6) -0.007(6) 0.007(6)
C(13) 0.029(7) 0.034(7) 0.034(7) 0.003(6) -0.004(6) -0.012(5)
C(14) 0.06(1) 0.034(7) 0.08(1) -0.028(8) -0.023(9) 0.001(7)
C(15) 0.06(1) 0.045(8) 0.047(9) 0.016(8) -0.010(8) -0.010(7)
C(21) 0.034(8) 0.031(7) 0.030(8) -0.002(6) 0.005(6) 0.005(6)
C(22) 0.033(8) 0.020(6) 0.05(1) 0.006(6) -0.009(7) 0.005(6)
C(23) 0.025(7) 0.015(5) 0.045(8) -0.004(5) -0.012(6) 0.004(5)
C(24) 0.030(8) 0.042(8) 0.043(8) 0.019(7) -0.002(6) 0.001(6)
C(25) 0.05(1) 0.033(7) 0.06(1) -0.013(8) -0.010(8) 0.022(7)
C(31) 0.05(1) 0.022(7) 0.018(6) -0.004(6) -0.005(6) -0.007(5)
C(32) 0.028(7) 0.042(8) 0.037(7) -0.003(6) 0.008(6) -0.008(6)
C(33) 0.036(9) 0.038(7) 0.027(7) -0.003(7) -0.003(6) -0.015(6)
C(34) 0.05(1) 0.048(8) 0.038(7) 0.005(8) 0.002(7) -0.018(6)
C(35) 0.033(8) 0.030(7) 0.056(9) 0.002(6) 0.013(7) 0.003(6)
C(41) 0.044(9) 0.021(7) 0.027(7) -0.009(6) -0.009(6) 0.009(5)
C(42) 0.038(8) 0.022(6) 0.025(6) 0.004(6) 0.006(6) 0.009(5)
C(43) 0.032(7) 0.031(6) 0.038(7) 0.013(6) 0.002(6) 0.002(5)
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Table IX. Non-Hydrogen Atom Thermal Parameters for
[Ta(Me 2SiOC-=COSiMe2)(depe)2Cl] (76).a
atom
C(44)
C(45)
C(200)
C(201)
C(202)
C(300)
C(301)
C(302)
Ull
0.034(8)
0.07(1)
0.04(1)
0.04(1)
0.03(1)
0.05(1)
0.07(1)
0.10(2)
U22
0.049(8)
0.046(8)
0.11(2)
0.08(1)
0.11(2)
0.09(1)
0.10(2)
0.13(2)
U33
0.048(8)
0.06(1)
0.11(2)
0.15(2)
0.18(2)
0.08(1)
0.06(1)
0.07(1)
U12
-0.022(7)
0.028(8)
0.01(1)
-0.005(9)
0.01(1)
0.01(1)
-0.02(1)
-0.03(2)
U13
-0.002(7)
-0.003(8)
0.01(1)
0.03(1)
-0.01(1)
0.027(9)
0.02(1)
0.03(1)
U23
0.011(7)
0.009(7)
-0.02(1)
0.00(1)
0.07(2)
-0.01(1)
-0.00(1)
-0.02(1)
a Atoms are labeled as indicated in Figure 3. Estimated standard deviations in the least
significant figures are given in parantheses. Anisotropic temperature factors are of the
form expt-2lr2 (Ul lh2a*2 ... + 2U12hka*b* + ...)].
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CHAPTER 5
Experimental Sec;ion
General Procedures
All reactions and manipulations were carried out either in a Vacuum Atmospheres
drybox under a nitrogen atmosphere, or by standard Schlenk techniques under an argon
atmosphere. Solutions were stirred magnetically with a Teflon-covered stir bar, unless
otherwise noted. Reaction product solutions were concentrated with the use of a vacuum
evaporator at ca. 10 mm Hg. The known compounds [Ta(Me3SiOC-COSiMe3)-
(dmpe)2C1],28 [Ta(COSitBuPh2)(CO)(dmpe) 2], 37 [Ta(COSiPh3)(CO)(dmpe)2],37 and
[Ta(COSiiPr3)(CO)(dmpe)2]28 were prepared according to literature procedures; the
compounds [Nb(CO) 2(dmpe)2C1], 39 [Ta(CO)2(dmpe)2C1], 39 and [Ta(CO)2(depe)2C1], 39
were prepared as described previously, except that the reduction of [M(R2 PCH2 CH2 )C14]
with magnesium/anthracene under an atmosphere of carbon monoxide was allowed to
proceed for seven days; [Ta(tBuMe2 SiOC-COSiMe2 tBu)(dmpe)2C1]2 7 was prepared in
the same manner as [Nb(tBuMe2SiOC-COSiMe2 tBu)(dmpe)2C1] (74). In all cases, the
isolated material exhibited spectral data consistent with that reported in the literature.
Commercial grade reagents and solvents were purchased and used without further
purification except as indicated below:
* Distilled under argon from benzophenone ketyl: toluene, pentane,
dimethoxy ethane, diethyl ether and tetrahydrofuran.
* Distilled under argon from calcium hydride: trimethylsilyl chloride
* Distilled under argon or vacuum: acetyl chloride, methyl chloroformate,
furan, cyclopentadiene, and hexachlorocyclopentadiene.
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Purification of other reagents was accomplished in the following manner:
nBu4 NBPh4 was dried at 130 °C (0.1 mm Hg) for ca. 24 h; benzene-d6 and toluene-d8
(Cambridge Isotope Labs) were either distilled from sodium benzophenone ketyl or
dianion, or passed through a short column of neutral alumina (Activity I); and all
commercial alkyl halides were passed through a short column of neutral alumina
(Activity I) prior to use.
Instrumentation
1H, 3 1 p, and 13C NMR spectra were recorded at 300 MHz, 121.4 MHz and 75.5
MHz, respectively, on either a Varian XL300 or UNITY 300 spectrophotometer. Proton
and carbon chemical shifts are reported in parts per million () relative to
tetramethylsilane referenced to residual solvent peaks. 3 1 p NMR spectra are referenced
to external 85% phosphoric acid. Infrared (IR) spectra were recorded on a Biorad FTS-7
spectrophotometer. Gas chromatography was carried out on a Hewlett Packard HP-5890
instrument, equipped with a high speed capillary column (20 m x 0.2 mm x 0.33 gm,
cross-linked methyl silicone stationary phase). Elemental analyses were performed by
Oneida Research Laboratories, Whitesboro, NY. X-Ray data were recorded on an Enraf-
Nonius CAD4-F diffractometer.
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[Ta(Et3SiOCCOSitBuPh2)(dmp )Cl (34)
Method A. A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum
was charged with [Ta(COSitBuPh2)(CO)(dmpe) 2] (0.155g, 0.20 mmol) and 10 mL of
THF. Upon dissolution, Et 3SiCl (0.034 mL, 0.030 g, 0.20 mmol) was added in one
portion via syringe. The reaction mixture was allowed to stir for 24 h, during which time
the color changed from deep red to green/brown. The solvents were removed under
vacuum, the product was extracted with 10 mL of pentane, filtered, and the pentane was
removed under vacuum. Crystallization from pentane at -30 °C provided 0.138 g (75%)
of green/brown crystals.
Method B. A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum
was charged with [Ta(COSitBuPh2)(CO)(dmpe) 2] (0.155 g, 0.20 mmol) and 10 mL of
THF. Upon dissolution, nBu4 NBPh4 (0.202 g, 0.36 mmol) was added, followed by
Et3SiC1 (0.034 mL, 0.030 g, 0.20 mmol) in one portion via syringe. The reaction mixture
was allowed to stir for 70 min, during which time the color changed from deep red to
green/brown. The solvents were removed under vacuum, the product was extracted with
20 mL of pentane, and the pentane was removed under vacuum. After trituration with
two 10-mL portions of pentane, the product was crystallized from pentane at -30 °C, to
afford 0.148 g (80%) of the desired product as green/brown crystals.
IR (Nujol): 1559, 1412, 1289, 1112, 1032, 938,
889, 743, 732, 700, and 624 cm - 1.
1H NMR (300 MHz, C6D6 ): 7.80-7.83 (m, 4 H), 7.19-7.25 (m, 6 H), 1.41-1.58
(m, 8 H), 1.59 (bs, 12 H), 1.50 (bs, 12 H), 1.10
(s, 9 H), 0.73 (t, J = 8.1 Hz, 9 H),
and 0.26 (q, J = 8.1 Hz, 6 H).
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3 1p NMR (121 MHz, C6 D6):
Elemental Analysis for
C'3 6 H68C102P4Si2Ta:
Calcd: C, 46.63; H, 7.17; N, 0.00.
Found: C, 46.68; H, 7.19; N 0.00.
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[Nb(CO)2 (depe)Cl1 (37)
A 50-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with NbC15 (0.648 g, 2.4 mmol) and 30 mL of toluene. A solution of 1,2-
bis(diethylphosphino)ethane (1.0 g, 4.8 mmol) in 5 mL of THF was added in one portion
with rapid stirring, followed by sodium amalgam (prepared from sodium (0.124 g, 5.4
mmol) and mercury (16.5 g, 82 mmol)). The reaction mixture was stirred vigorously for
13 h, after which time stirring was halted in order to allow all solids to settle.
The solution was decanted into a 25-mL, one-necked, pear-shaped flask and the
solvents were removed under vacuum, providing a gummy gray-green solid. The solid
was dissolved in 10 mL of THF and a slurry of magnesium (0.088 g, 3.6 mmol), mercuric
chloride (0.098 g, 0.36 mmol) and catalytic anthracene in 5 mL of THF was added in one
portion. The flask was purged with a CO atmosphere for 15 min, then allowed to stir
under a CO atmosphere for 72 h. Column chromatography on alumina (elution with
THF) followed by recrystallization from THF at -30 C afforded 0.643 g (45% based on
NbC15) of the desired product as an orange solid.
IR (Nujol): 1828, 1753, 1419, 1237, 1040, 1026, 979,
871, 757, and 706 cm-1.
1H NMR (300 MHz, C6 D6): 2.21-2.34 (m, 4 H), 1.85-1.95 (m, 4 H), 1.46-1.83
(m, 12 H), and 0.93-1.13 (m, 28 H).
Elemental Analysis Calcd: C, 44.27; H, 8.11; N, 0.00.
for C2 2H48C1O02 P4Nb: Found: C, 44.54; H, 8.49; N, 0.00.
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[Ta(CO)2 (dbpe)2,CI (38)
A 100-mL, one-necked, pear-shaped flask fitted with a rubber septum was
charged with TaC15 (1.125 g, 3.14 mmol) and 50 mL of toluene. A solution of 1,2-
bis(dibutylphosphino)ethane (2.0 g, 6.3 mmol) in 10 mL of THF was added in one
portion with rapid stirring, followed by sodium amalgam (prepared from sodium (0.162
g, 7.05 mmol) and mercury (21.5 g, 107 mmol)). The reaction mixture was stirred
vigorously for 12 h, after which time stirring was halted in order to allow all solids to
settle.
The solution was decanted into a 50-mL, one-necked, pear-shaped flask and the
solvents were removed under vacuum, providing a gummy green solid. The solid was
dissolved in 15 mL of THF and a slurry of magnesium (0.115 g, 4.7 mmol), mercuric
chloride (0.128 g, 0.47 mmol) and catalytic anthracene in 5 mL of THF was added in one
portion. The flask was purged with a CO atmosphere for 15 min, then allowed to stir
under a CO atmosphere for 72 h. Column chromatography on alumina (elution with
THF) followed by recrystallization from THF at -30 C afforded 1.37 g (48% from
TaC15) of the desired product as an orange solid.
IR (Nujol): 1811, 1747, 1418, 1342, 1210, 1092, 1050,979,
899 and 721 cm -1.
1H NMR (300 MHz, C6D6 ): 2.33-2.44 (m, 4 H), 2.11-2.18 (m, 4 H); 1.84-2.00
(m, 8 H), 1.32-1.71 (m, 36 H), 1.04-1.21 9 (m, 4 H)
and 0.93-1.13 (m, 24 H).
31 p NMR (121 MHz, C6D6 ): 38.5.
Elemental Analysis Calcd: C, 50.19; H, 8.87; N, 0.00.
for C38H80C10 2P4Ta: Found: C, 50.04; H, 8.62; N, 0.00.
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[Nb(CO0)(dbpekrC11 (39)
A 100-mL, one-necked round-bottomed flask fitted with a rubber septum was
charged with NbCls5 (2.12 g, 7.85 mmol) and 50 mL of toluene. A solution of 1,2-
bis(dibutylphosphino)ethane (5.0 g, 15.7 mmol) in 10 mL of THF and 10 mL of toluene
was added in one portion with rapid stirring, followed by sodium amalgam (prepared
from sodium (0.406 g, 17.7 mmol) and mercury (53.5 g, 267 mmol)). The reaction
mixture was stirred vigorously for 15 h, after which time stirring was halted in order to
allow all solids to settle.
The solution was decanted into a 100-mL, one-necked round-bottomed flask and
the solvents were removed under vacuum, providing a gummy gray-green solid. The
solid was dissolved in 50 mL of THF and a slurry of magnesium (0.268 g, 11.0 mmol),
mercuric chloride (0.320 g, 1.18 mmol) and a catalytic amount of anthracene in 10 mL of
THF was added in one portion. The flask was purged with a CO atmosphere for 15 min,
then allowed to stir under a CO atmosphere for 7 d. Column chromatography on alumina
(elution with THF) followed by recrystallization from THF at -30 °C afforded 3.39 g
(53% based on NbC15) of the desired product as an orange solid.
IR (Nujol): 1818, 1755, 1420, 1301, 1210, 1089 1051, 1020,
915, 893, 816, and 722 cm -1 .
IH NMR (300 MHz, C6D6): 2.31-2.44 (m, 4 H), 1.98-2.11 (m, 4 H);
1.34-1.94 (m, 44 H), 1.08-1.22 (m, 4 H)
and 0.90-1.12 (m, 24 H).
Elemental Analysis Calcd: C, 55.57; H, 9.82; N, 0.00.
for C38H 80C1O2P4Nb Found: C, 55.42; H, 9.59; N, 0.00.
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A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Nb(CO)2(depe)2C1] (0.119 g, 0.2 mmol) and 10 mL of THF. Upon dissolution,
excess 40% sodium amalgam was added in one portion and the reaction mixture was
stirred vigorously for 3 h. The orange solution was decanted from the solids into a
second 25-mL, one-necked, pear-shaped flask fitted with a rubber septum and TMSC1
(0.102 mL, 0.087 g, 0.8 mmol) was added in one portion via syringe. The reaction
mixture was stirred for 13 h, providing a green solution. Upon removal of the solvents
under vacuum, the green product was extracted with pentane and the pentane solution
was filtered and concentrated under vacuum to provide 0.133 g of a green solid.
Recrystallization from pentane at -30 °C afforded 0.108 g (72%) of the desired product as
green crystals.
IR (Nujol): 1569, 1417, 1259, 1247, 1144, 1036, 1017, 894,
843, 808, 759, 721, and 690 cm - 1.
1H NMR (300 MHz, C6D6): 1.98-2.12 (m, 4 H), 1.66-1.89 (m, 16 H),
1.53-1.65 (m, 4 H), 1.03-1.11 (m, 24 H), and 0.22
(s, 18 H).
Elemental Analysis Calcd: C, 45.25; H, 8.95; N, 0.00.
for C2 8H66 ClO2P4Si2Nb: Found: C, 45.66 H, 9.11 N, 0.00.
241
-1
F
If-.
242
o.
-n
-0
61)
LC
o0
cL
or
w
\.
<PB
-u2 PIu2 CI-Ta BUI §
DU2rPB2 ° D0U2r PBU2 OSiMe3
Ta(Me[SiOCCOSiMe)(dbpe)~C ] (42)
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with Ta(CO)2(dbpe)2C1] (0.046 g, 0.05 mmol) and 10 mL of THF. Upon dissolution,
excess 40% sodium amalgam was added in one portion and the reaction mixture was
stirred vigorously for 2.5 h. The orange solution was decanted from the solids into a
second 25-mL, one-necked, pear-shaped flask fitted with a rubber septum and TMSC1
(0.025 mL, 0.022 g, 0.2 mmol) was added in one portion via syringe. The reaction
mixture was stirred for 14 h, providing a green solution. Upon removal of the solvents
under vacuum, the green product was extracted with pentane and the pentane solution
was filtered and concentrated under vacuum to provide 0.050 g of a green oil.
Recrystallization from pentane at -30 °C yielded 0.029 g (55%) of the desired product as
green crystals.
IR (Nujol): 1560, 1411, 1341, 1246, 1123, 1090, 1016, 898,
847, 743 and 713 cm - l.
IH NMR (300 MHz, C 6D6 ): 1.40-2.07 (m, 56 H), 1.04 (t, J = 7.2 Hz, 12 H),
0.96 (t, J = 7.2 Hz, 12 H), and 0.27 (s, 18 H).
31p NMR (121 MHZ, C6D 6): 41.0.
Elemental Analysis Calcd: C, 50.06; H, 9.36; N, 0.00.
for C44H98 C10 2P4 Si2 Ta: Found: C, 50.34; H, 9.38 N, 0.00.
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Nb(Me3SiOCe=COSiMe3)(dbpe),CI1 (43)
A 50-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Nb(CO) 2(dbpe)2C1] (0.411 g, 0.5 mmol) and 30 mL of THF. Upon dissolution,
excess 40% sodium amalgam was added in one portion and the reaction mixture was
stirred vigorously for 3.5 h. The orange solution was decanted from the solids into a
second 50-mL, one-necked, pear-shaped flask fitted with a rubber septum and TMSC1
(0.254 mL, 0.217 g, 2.0 mmol) was added in one portion via syringe followed by
Bu4NBPh4 (0.281 g, 0.5 mmol). The reaction mixture was stirred for 14 h, providing a
green solution. Upon removal of the solvents under vacuum, the green product was
extracted with pentane and the pentane solution was filtered and concentrated under
vacuum to provide 0.462 g of a green solid. Recrystallization from pentane at -30 °C
yielded 0.353 g (73%) of the desired product as a green solid.
IR (Nujol):
1H NMR (300 MHz, C6D6):
Elemental Analysis for
C44H98C10 2 P4 Si2Nb:
1585, 1417, 1308, 1259, 1247, 1121, 1009, 972,
890, and 846 cm- 1.
1.37-2.20 (m, 56 H), 1.03 (t, J = 7.1 Hz, 12 H);
0.97 (t, J = 7.1 Hz, 12 H); and 0.27 (s, 18 H).
Calcd: C, 54.61; H, 10.21; N, 0.00.
Found: C, 54.92; H, 10.49; N 0.00.
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[Ta(Me3SiOC-COSiMe3)(depe)Tfl (44)
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(CO)2(depe)2C1] (0.068 g, 0.1 mmol) and 10 mL of DME. Upon dissolution,
excess 40% sodium amalgam was added in one portion and the reaction mixture was
stirred vigorously for 4 h. The orange solution was decanted from the solids into a
second 25-mL, one-necked, pear-shaped flask fitted with a rubber septum and TMSOTf
(0.039 mL, 0.044 g, 0.2 mmol) was added in one portion via syringe. The reaction
mixture was stirred for 1 h, providing a green solution. Upon removal of the solvents
under vacuum, the green product was extracted with pentane and the pentane solution
was filtered and concentrated under vacuum to provide 0.088 g of a green solid.
Recrystallization from pentane at -30 °C yielded 0.062 g (66%) of the desired product as
green crystals.
IR (Nujol):
1H NMR (300 MHz, C6D6):
3 1p NMR (121 MHZ, C6D6 ):
Elemental Analysis
for C29 H66F3Os5P 4 SSi2 Ta:
1581, 1419, 1377, 1313, 1259, 1232, 1203, 1168,
1152,, 1030, 1015, 902, 855, 844, and 722 cm-1 .
1.94-2.12 (m, 8 H), 1.74-1.84 (m, 12 H), 1.46-1.54
(m, 4 H), 0.95-1.24 (m, 24 H), and 0.13 (s, 18 H).
50.3.
Calcd: C, 36.86; H, 7.04; N, 0.00.
Found: C, 36.68; H, 6.83; N, 0.00.
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A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Nb(CO)2(depe)2C1] (0.119 g, 0.2 mmol) and 10 mL of DME. Upon dissolution,
excess 40% sodium amalgam was added in one portion and the reaction mixture was
stirred vigorously for 4 h. The orange solution was decanted from the solids into a
second 25-mL, one-necked, pear-shaped flask fitted with a rubber septum and TMSOTf
(0.077 mL, 0.089 g, 0.4 mmol) was added in one portion via syringe. The reaction
mixture was stirred for 1 h, providing a green solution. Upon removal of the solvents
under vacuum, the green product was extracted with pentane and the pentane solution
was filtered and concentrated under vacuum to provide 0.163 g of a green solid.
Recrystallization from pentane at -30 °C yielded 0.146 g (85%) of the desired product as
green crystals.
IR (Nujol): 1593, 1308, 1259, 1232, 1208, 1165 1152, 1017,
893, 854, and 844 cm- 1.
1H NMR (300 MHz, C6D6): 1.87-2.09 (m, 10 H), 1.61-1.72 (m, 10 H); 1.05-1.14
(m, 14 H); 0.94-1.03 (m, 14 H); and 0.12 (s, 18 H).
Elemental Analysis Calcd: C, 40.65; H, 7.76; N, 0.00.
for C2 9H66F305P 4SSi2 Nb: Found: C, 40.65; H, 7.79; N, 0.00.
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A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(CO)2(dbpe) 2C1] (0.046 g, 0.05 mmol) and 10 mL of DME. Upon dissolution,
excess 40% sodium amalgam was added in one portion and the reaction mixture was
stirred vigorously for 3 h. The orange solution was decanted from the solids into a
second 25-mL, one-necked, pear-shaped flask fitted with a rubber septum and TMSOTf
(0.019 mL, 0.022 g, 0.1 mmol) was added in one portion via syringe. The reaction
mixture was stirred for 30 min, providing a green solution. Upon removal of the solvents
under vacuum, the green product was extracted with pentane and the pentane solution
was filtered and concentrated under vacuum to provide 0.053 g of a green oil.
Recrystallization from TMS at -30 C yielded 0.028 g (48%) of the desired product as a
green solid.
IR (Nujol):
1H NMR (300 MHz, C 6D6):
31p NMR (121 MHZ, C6 D6):
Elemental Analysis
for C4 5H98F305P 4 SSi2 Ta:
1576, 1419, 1323, 1260, 1233, 1203, 1167 1142,
1092, 1014, 900, 854, 750, 711 and 632 cm -1 .
1.89-2.11 (m, 20 H), 1.38-1.68 (m, 36 H); 0.93-1.02
(m, 24 H); and 0.20 (s, 18 H).
45.8.
Calcd: C, 46.22; H, 8.45; N, 0.00.
Found: C, 46.50; H, 7.82; N, 0.00.
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A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Nb(CO)2(dbpe) 2C1] (0.082 g, 0.1 mmol) and 10 mL of DME. Upon dissolution,
excess 40% sodium amalgam was added in one portion and the reaction mixture was
stirred vigorously for 4 h. The orange solution was decanted from the solids into a
second 25-mL, one-necked, pear-shaped flask fitted with a rubber septum and TMSOTf
(0.039 mL, 0.044 g, 0.2 mmol) was added in one portion via syringe. The reaction
mixture was stirred for 4 h, providing a green solution. Upon removal of the solvents
under vacuum, the green product was extracted with pentane and the pentane solution
was filtered and concentrated under vacuum to provide a green-brown solid.
Recrystallization from TMS at -30 C yielded 0.057 g (53%) of the desired product as a
green solid.
IR (Nujol): 1586, 1319, 1250, 1234, 1205, 1162, 1141, 1015,
892, and 846 cm- l.
1H NMR (300 MHz, C6 D6): 1.36-2.19 (m, 56 H), 0.95-1.05 (m, 24 H),
and 0.20 (s, 18 H).
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A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(CO)2(depe)2Cl] (0.212 g, 0.31 mmol) and 10 mL of THF. Upon dissolution,
excess 40% sodium amalgam was added and the reaction mixture was allowed to stir
vigorously for 3.5 h. The solution was decanted into a second 25 mL, one-necked, pear-
shaped flask and tBuPh2SiCl (0.081 mL, 0.085 g, 0.31 mmol) was added in one portion
via syringe, resulting in a deep red solution. The reaction mixture was allowed to stir for
an additional 0.75 h, after which the solvents were removed under vacuum, the product
was extracted with pentane, and the pentane solution was filtered and concentrated,
providing the crude product as a red oil. Crystallization from pentane at -30 °C afforded
0.220 g (80%) of the desired product as a red solid. An analytical sample was obtained
by recrystallization from TMS at -30 °C.
IR (Nujol): 1786, 1418, 1291, 1263, 1245, 1114, 1027, 863,
822, 811, 758 and 700 cm 1 .
IH NMR (300 MHz, C6D6 ): 8.21 (m, 2 H), 7.98 (m, 2 H), 7.47 (t, J = 6.8 Hz,
2 H), 7.34 (m, 4 H), 2.15 (m, 2 H), 0.8 - 1.9
(m, 43H), 1.26 (s, 9 H), and 0.64 (dt, J = 7.4,
12.7 Hz, 3 H).
31 p NMR (121 MHz, C6 D6 ): 48.5, 48.1, 36.1, and 21.4.
Elemental Analysis: Calcd: C, 51.35; H, 7.60; N, 0.00.
for C38H6702P 4 SiTa: Found: C, 51.02; H, 7.60; N, 0.00.
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A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(COSiPh 3)(CO)(dmpe) 2] (0.104g, 0.13 mmol) and 10 mL of THF. Upon
dissolution, nBu4 NBPh4 (0.146 g, 0.26 mmol) was added, followed by Me3SiCl (0.017
mL, 0.015 g, 0.13 mmol) in a single portion via syringe. The reaction mixture was
allowed to stir for 4 h, during which time the color changed from deep red to
green/brown. The solvents were removed under vacuum, the product was extracted with
20 mL of pentane, and the pentane was removed under vacuum to provide a green oil.
After trituration with two 10-mL portions of pentane, the product was crystallized from
pentane at -30 °C to afford 0.088 g (75%), as green crystals.
IR (Nujol):
1H NMR (300 MHz, C6 D6):
31p NMR (121 MHz, C6 D6):
Elemental Analysis
for C3 5H560 2P4Si2ClTa:
1592, 1417, 1377, 1288, 1246, 1122, 1114, 1101,
1047 1028, 937, 925, 890, 840, 728, 710, 697,
and 623 cm - 1.
7.80-7.83 (m, 6 H), 7.19-7.21 (m, 9 H), 1.29-1.65
(m, 32 H), and -0.07 (s, 9 H).
22.7.
Calcd: C, 46.44; H, 6.23; N, 0.00.
Found: C, 46.74; H, 6.44; N, 0.00.
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[Ta(MeSiOC-COSiPh)(dm)QOTTfl (52)
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(CO)2(dmpe)2C1] (0.057 g, 0.10 mmol) and 5 mL of DME. Upon dissolution,
excess 40% sodium amalgam was added in one portion and the reaction mixture was
stirred for 3.5 h. The orange solution was decanted into a second 25-mL, one-necked,
pear-shaped flask fitted with a rubber septum, Ph3SiCl (0.029 g, 0.1 mmol) was added in
one portion and the reaction mixture was stirred for 1 h. Upon removal of the solvents
under vacuum, the product was extracted with diethyl ether and the ether solution was
filtered and concentrated under vacuum to provide 0.072 g of the crude product as a red
solid.
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with the crude carbyne (0.066 g) and 5 mL of DME. Upon dissolution, Me3SiOTf (0.017
mL, 0.020 g, 0.09 mmol) in a single portion via syringe. The reaction mixture was
allowed to stir for 0.5 h, during which time the color changed from deep red to
green/brown. The solvents were removed under vacuum, the product was extracted with
diethyl ether, and the ether was removed under vacuum. After trituration with two 10-mL
portions of pentane, the product was crystallized from pentane at -30 °C to afford 0.044 g
(43%), as a green/brown solid.
IR (Nujol): 1624, 1416, 1317, 1280, 1261, 1236, 1209, 1163,
1129, 1115, 1103, 1037 1018, 940, 931, 889, 838,
785, 697, and 623 cm -1 .
259
IH .NMR (300 MHz, C6 D6):
31p NMR (121 MHz, C6D6 ):
Elemental Analysis
for C4 3H68 F3Os5P4SSi 2Ta:
7.69-7.20 (m, 6 H), 7.15-7.19 (m, 9 H), 1.20-1.57
(m, 32 H), and -0.18 (s, 9 H).
30.6.
Calcd: C, 47.51; H, 6.31; N, 0.00.
Found: C, 47.98; H, 5.93; N, 0.00.
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[Ta(EtOC=COSiBuPh,)(dmpe)2OTfl (62)
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(COSitBuPh2)(CO)(dmpe) 2] (0.117 g, 0.15 mmol) and 10 mL of DME. Upon
dissolution, EtOTf (0.020 mL, 0.027 g, 0.15 mmol) was added in one portion via syringe.
The reaction mixture was stirred for 1.5 h, during which time the color changed from
deep red to green/brown. The solvents were removed under vacuum and the residue was
triturated with two 10-mL portions of pentane. The product was extracted with 15 mL of
pentane, filtered, and the solvents were removed under vacuum to provide a green-brown
solid. Recrystallization from pentane at -30 C afforded 0.043 g (30%) of the desired
product as a dark green solid.
IR (Nujol):
IH NMR (300 MHz, C6D6 ):
31 p NMR (121 MHz, C6D6 ):
Elemental Analysis
for C33 H56F3 Os5P4 SSiTa:
1609, 1318, 1236, 1204, 1166, 1101,
1024, 970, 937, 732, and 703 cm- 1.
7.59-7.63 (m, 4 H), 7.13-7.16 (m, 6 H), 2.76 (q, J =
7.0 Hz, 2 H), 1.83 (bs, 8 H), 1.61 (bs, 12 H), 1.48 (s,
12 H), 1.07 (s, 9 H), and 0.29 (t, J = 7.0 Hz, 3 H).
34.2.
Calcd: C, 41.51; H, 5.91; N, 0.00.
Found: C, 41.86; H, 5.84; N 0.00.
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[TafEtOCCOSiiPr3)(dmpe)QOTfl (63)
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [a(CO)2(dmpe)2C1] (0.143 g, 0.25 mmol) and 10 mL of THF. Upon dissolution,
excess of 40% sodium amalgam was added and the reaction mixture was allowed to stir
vigorously for 4 h. The resulting orange solution was decanted into a second 25-mL,
one-necked, pear-shaped flask fitted with a rubber septum, and iPr3SiCl (0.054 mL, 0.048
g, 0.25 mmol) was added in one portion via syringe, resulting in a dark red solution.
After stirring for an additional fifteen minutes, the solvents were removed under vacuum,
the product was triturated with two 10-mL portions of pentane, extracted with 10 mL of
pentane, filtered, and the solvents were removed under vacuum to provide 0.166 g (95%
crude) of a gummy red solid, which was used in the next step without further purification.
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(COSiiPr 3 )(CO)(dmpe) 2] (0.166 g, 0.24 mmol) and 5 mL of DME. Upon
dissolution, EtOTf (0.031 mL, 0.043 g, 0.24 mmol) was added in one portion via syringe.
The reaction mixture was allowed to stir for 40 min, during which time the color changed
from deep red to green/brown. The solvents were removed under vacuum, the product
was extracted with 15 mL of pentane, filtered, and the pentane was removed under
vacuum. Crystallization from pentane at -30 °C provided 0.092 g (42% for two steps) of
the desired product as green/brown crystals.
IR (Nujol): 1606, 1322, 1233, 1202, 1171, 1116, 1018,
971, 942, 928, 884, and 722 cm - 1.
264
1H NMR (300 MHz, C 6D6):
13C NMR (75.5 MHz, C6D6):
Prepared from 99% 13 CO
3 1p NMR (121 MHz, C 6D6):
Elemental Analysis
for C26 H5 8F3 Os5P4 SSiTa:
3.75 (bq, 2 H), 1.51-1.86 (m, 20 H), 1.36 (s, 12 H),
1.11-1.25 (m, 3 H), 1.05 (d, J = 7 Hz, 18 H),
and 1.04-1.05 (m, 3H).
205 (bs).
32.2.
Calcd: C, 35.78; H, 6.70; N, 0.00.
Found: C, 35.82; H, 6.48 N 0.00.
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[Ta(EtOC-COSitBuPh2)(depe2OTfl (64)
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(CO)2(depe)2C1] (0.205 g, 0.30 mmol) and 10 mL of THF. Upon dissolution,
excess 40% sodium amalgam was added and the reaction mixture was allowed to stir
vigorously for 4.6 h. The solution was decanted into a second 25 mL, one-necked, pear-
shaped flask and tBuPh2SiCl (0.078 mL, 0.082 g, 0.30 mmol) was added in one portion
via syringe, resulting in a deep red solution. The reaction mixture was allowed to stir for
an additional 1 h, after which the solvents were removed under vacuum, the product was
extracted with pentane, and the pentane solution was filtered and concentrated, providing
the crude product as a red oil (0.253 g). This material was employed in the subsequent
reaction without further purification.
A 25-mL, one-necked, pear-shaped flask was charged with the crude carbyne and
7 mL of DME. Upon dissolution, ethyl triflate (0.035 mL, 0.048 g, 0.27 mmol) was
added in one portion and the reaction mixture was stirred for 0.5 h. Upon removal of the
solvents under vacuum, the product was extracted with pentane and the pentane solution
was filtered and concentrated under vacuum to provide a gummy green solid. Upon
trituration with pentane, recrystallization from pentane at -30 °C afforded 0.176 g (58%
for two steps) of green crystals.
IR (Nujol): 1623, 1427, 1322, 1233, 1205, 1168, 1107,
1020, 973, 869, 730, and 701 cm - 1.
1H NMR (300 MHz, C6D6): 7.58-7.61 (m, 4 H), 7.12-7.14 (m, 6 H), 2.79 (q, J =
7.0 Hz, 2 H), 2.11-2.22 (m, 4 H), 1.71-2.04 (m,
18 H), 1.02-1.17 (m, 26 H), 1.05 (s, 9 H), and
0.31 (t, J = 7.0 Hz, 3H).
267
31p NMR (121 MHz, C6D6):
Elemental Analysis
for C4 1H 72F3 Os5P4 SSiTa:
Calcd: C, 46.15; H, 6.80; N, 0.00.
Found: C, 46.54; H, 6.77 N 0.00.
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[Ta(EtOC-COSiMe3)(depebOTfl (66)
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(CO)2(depe)2Cl] (0.103 g, 0.15 mmol) and 8 mL of THF. Upon dissolution,
excess 40% sodium amalgam was added and the reaction mixture was allowed to stir
vigorously for 4 h. The solution was decanted into a second 25 mL, one-necked, pear-
shaped flask and TMSC1 (0.019 mL, 0.016 g, 0.15 mmol) was added in one portion via
syringe, resulting in a deep red solution. The reaction mixture was allowed to stir for an
additional 30 min, after which the solvents were removed under vacuum. The product
was extracted with pentane, and the pentane solution was filtered and concentrated,
providing the crude product as a red oil (0.108 g). This material was employed in the
subsequent reaction without further purification.
A 25-mL, one-necked, pear-shaped flask was charged with the crude carbyne and
5 mL of DME. With rapid stirring, EtOTf (0.019 mL, 0.027 g, 0.15 mmol) was added in
one portion and the reaction mixture was stirred for 1.5 h. Upon removal of the solvents
under vacuum, the product was extracted with pentane and the pentane solution was
filtered and concentrated under vacuum to provide a green-brown solid. Recrystallization
from pentane at -30 °C afforded the desired product (0.031 g, 23%) as green crystals.
IR (Nujol): 1591, 1324, 1202, 1167, 1036, 1016, 988,
841, and 723 cm-l.
1H NMR (300 MHz, C6D6): 3.68 (q, J = 7.0 Hz, 2 H), 1.97-2.14 (m, 8 H), 1.71-
1.86 (m, 12 H), 1.53-1.61 (m, 4 H), 0.97-1.12 (m,
24 H), 0.99 (t, J = 7.0 Hz, 3 H) and 0.05 (s, 9 H).
3 1p NMR (121 MHz, C6D6 ): 50.2.
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[Ta(AcOC-COSitBuPh)(depe),Cl (67)
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(COSitBuPh2 )(CO)(depe) 2] (0.088 g, 0.1 mmol) and 5 mL of DME. Upon
dissolution, the reaction vessel was cooled to -30 °C, acetyl chloride (0.007 mL, 0.008 g,
0.1 mmol) was added in one portion via syringe and the reaction mixture was allowed to
stir for 10 min, providing a green solution. The solvents were removed under vacuum,
the product was extracted with pentane, and the pentane solution was filtered and
concentrated under vacuum to afford 0.084 g of the crude product as a green solid.
Recrystallization from pentane at -30 °C provided 0.062 g (64%) of the desired product
as green crystals.
IR (Nujol):
IH NMR (300 MHz, C6D6):
31p NMR (121 MHz, C6D6):
Elemental Analysis
for C4 0H70C10 3P4SiTa:
1723 1538, 1365, 1234, 1227, 1114, 1083, 1031,
1019, 964, 927, 868, 804, 757, and 722 cm- l.
7.68-7.71 (m, 4 H), 7.18-7.20 (m, 6 H), 1.81-2.10
(m, 16 H), 1.62-1.67 (m, 8 H), 1.07-1.22 (m, 24 H),
1.17 (s, 9 H), and 1.12 (s, 3 H).
43.0.
Calcd: C, 49.66; H, 7.29; N, 0.00.
Found: C, 49.35; H, 7.20, N, 0.00.
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[Ta(AcOCCOSitBuPh)(dmpe)2C!l (68)
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(COSitBuPh 2)(CO)(dmpe) 2] (0.078 g, 0.1 mmol) and 5 mL of DME. Upon
dissolution, the reaction vessel was cooled to -30 °C, acetyl chloride (0.007 mL, 0.008 g,
0.1 mmol) was added in one portion via syringe and the reaction mixture was allowed to
stir for 15 min, providing a green solution. The solvent was removed under vacuum, the
product was extracted with pentane, and the pentane solution was filtered and
concentrated under vacuum to afford 0.072 g of the crude product as a green solid.
Recrystallization from pentane at -30 °C provided 0.044 g (51%) of the desired product
as a green solid.
IR (Nujol):
1H NMR (300 MHz, C 6D6):
3 1p NMR (121 MHz, C6 D6):
Elemental Analysis
for C32H 54 C103 P4 SiTa:
1724, 1540, 1430, 1365, 1291, 1276, 1234, 1113,
1098, 1033, 979, 938, 929, 889, 821, 794, 744, 731,
and 699 cm - 1.
7.64-7.67 (m, 4 H), 7.13-7.16 (m, 6 H), 1.52-1.72
(m, 8 H), 1.52 (m, 12 H), 1.41 (m, 12 H), 1.12 (s,
9 H), and 1.01 (s, 3 H).
26.4.
Calcd: C, 44.95; H, 6.36; N, 0.00.
Found: C, 44.39; H, 6.08, N, 0.00.
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[Nb(AcOC-COSitBuPh2,)(dmpe) 2Cl1 (69)
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Nb(CO)2(dmpe)2Cl] (0.048 g, 0.10 mmol) and 10 mL of THF. Upon dissolution,
excess 40% sodium amalgam was added and the reaction mixture was allowed to stir
vigorously for 3.5 h. The solution was decanted into a second 25 mL, one-necked, pear-
shaped flask and tBuPh2SiCl (0.026 mL, 0.027 g, 0.10 mmol) was added in one portion
via syringe, resulting in a deep red solution. The reaction mixture was allowed to stir for
an additional 1 h, after which the solvents were removed under vacuum, the product was
extracted with pentane, and the pentane solution was filtered and concentrated, providing
the crude product as a red oil (0.068 g).
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with the crude carbyne (0.068 g) and 5 mL of DME. Upon dissolution, the reaction
vessel was cooled to -30 °C, acetyl chloride (0.007 mL, 0.008 g, 0.1 mmol) was added in
one portion via syringe and the reaction mixture was allowed to stir for 10 min, providing
a green solution. The solvent was removed under vacuum, the product was extracted
with pentane, and the pentane solution was filtered and concentrated under vacuum to
afford the crude product as a green solid. Recrystallization from pentane at -30 °C
provided 0.031 g (40%) of the desired product as a green solid.
IR (Nujol): 1725, 1544, 1430, 1365, 1292, 1280, 1232, 1113,
1095, 1032, 979, 938, 929, 890, 821,791, 744, 730,
and 700 cm-1.
276
1H NMR (300 MHz, C6D6 ):
Elemental Analysis
for C32 H54C10 3P4SiNb:
7.62-7.65 (m, 4 H), 7.11-7.15 (m, 6 H), 1.55-1.80
(m, 8 H), 1.40 (t, J = 2.7 Hz, 12 H), 1.35 (t, J = 2.7
Hz, 12 H), 1.13 (s, 9 H), and 1.02 (s, 3 H).
Calcd: C, 50.10; H, 7.10; N, 0.00.
Found: C, 50.29 H, 6.90, N, 0.00.
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[Ta(MeO2COC-COSitBuPh,)(dmpe)C1l (70)
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(COSitBuPh2 )(CO)(dmpe) 2] (0.038 g, 0.05 mmol) and 5 mL of THF. Upon
dissolution, methyl chloroformate (0.004 mL, 0.005 g, 0.05 mmol) was added in one
portion via syringe and the reaction mixture was allowed to stir for 1 h, providing a green
solution. The solvents were removed under vacuum, the product was extracted with
pentane, and the pentane solution was filtered and concentrated under vacuum to afford
the crude product as a green solid. Recrystallization from pentane at -30 °C provided
0.031 g (71%) of the desired product as a green solid.
IR (Nujol):
1H NMR (300 MHz, C6 D6 ):
31 p NMR (121 MHz, C6D6 ):
Elemental Analysis
for C32H5404PSi 2 ClTa:
1738, 1560, 1425, 1366, 1292, 1277, 1254, 1114,
1074, 1020, 973, 941, 927, 889, 829, 802, 748, 733,
and 699 cm - 1.
7.71-7.74 (m, 4 H), 7.10-7.17 (m, 6 H), 2.93 (s,
3 H), 1.51-1.68 (m, 8 H), 1.48 (s, 12 H), 1.39 (s,
12 H), and 1.16 (s, 9 H).
26.1.
Calcd: C, 44.12; H, 6.25; N, 0.00.
Found: C, 44.23 H, 6.19; N, 0.00.
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[Ta(AcOC_COAc)(dmpe))C]1 (71)
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(CO)2(dmpe)2C1] (0.115 g, 0.2 mmol) and 10 mL of DME. Upon dissolution,
excess 40% sodium amalgam was added in one portion and the reaction mixture was
stirred vigorously for 4 h. The orange solution was decanted from the solids into a
second 25-mL, one-necked, pear-shaped flask fitted with a rubber septum, the reaction
vessel was cooled to -30 °C and acetyl chloride (0.028 mL, 0.031 g, 0.4 mmol) was added
in one portion via syringe. The reaction mixture was stirred for 2 min, providing a green
solution. Upon removal of the solvents under vacuum, the green product was extracted
with pentane and the pentane solution was filtered and concentrated under vacuum to
provide a green solid. Recrystallization from pentane at -30 °C yielded 0.063 g (48%) of
the desired product as green crystals.
IR (Nujol):
IH NMR (300 MHz, C6 D6):
13C NMR (75.5 MHz, C6 D6 ):
Prepared from 99% 13 CO
3 1p NMR (121 MHz, C6 D6):
Elemental Analysis
for C 32H38ClO 4P4 Ta:
1742, 1566, 1420, 1361, 1293, 1282, 1216, 1088,
1008, 943, 925, 891, 733, and 699 cm- 1.
1.82 (s, 6 H), 1.50-1.61 (m, 16 H); and 1.23-1.44
(m, 16 H).
200.4 (p, J = 14.7 Hz).
24.5.
Calcd: C, 32.82; H, 5.81; N, 0.00.
Found: C, 32.67; H, 5.90, N, 0.00.
281
Spectral Data for the Material Prepared from 99% CH313C(O)C1
IR (Nujol):
1H NMR (300 MHz, C6 D6 ):
13C NMR (75.5 MHz, C6D6 ):
1702, 1564, 1421, 1360, 1293, 1282, 1186, 1085,
1007, 942, 924, 890, 836, 733, and 699 cm-l.
1.82(d, J =6.3 Hz, 6 H), 1.50-1.61 (m, 16 H);
and 1.23-1.44 (m, 16 H).
166.6.
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[Ta(AcOCCOAc)(depeC1] (72)
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(CO)2(depe)2C1] (0.068 g, 0.1 mmol) and 10 mL of DME. Upon dissolution,
excess 40% sodium amalgam was added in one portion and the reaction mixture was
stirred vigorously for 3 h. The orange solution was decanted from the solids into a
second 25-mL, one-necked, pear-shaped flask fitted with a rubber septum, the reaction
vessel was cooled to -30 °C and acetyl chloride (0.014 mL, 0.016 g, 0.2 mmol) was added
in one portion via syringe. The reaction mixture was stirred for 15 min, providing a
green solution. Upon removal of the solvents under vacuum, the green product was
extracted with pentane and the pentane solution was filtered and concentrated under
vacuum to provide a green solid. Recrystallization from pentane at -30 °C yielded 0.033
g (43%) of the desired product as green crystals.
IR (Nujol):
1H NMR (300 MHz, C6 D6 ):
31 p NMR (121 MHz, C6D6):
Elemental Analysis
for C40 H54CIO 4P4Ta:
1749, 1569, 1419, 1365, 1211, 1080, 1030, 1008,
965, 869, 807, 761, and 728 cm- 1.
1.83-2.01 (m, 16 H), 1.83 (s, 6 H), 1.63-1.67 (m, 4
H), 1.39-1.43 (m, 4 H); and 1.01-1.18 (m, 24 H).
41.5.
Calcd: C, 40.50; H, 7.06; N, 0.00.
Found: C, 40.50; H, 7.00, N, 0.00.
Spectral Data for the Material Prepared from 99% CH313C(O)Cl
1709, 1567, 1415, 1365, 1183, 1080, 1037, 1006,
963, 866, 807, and 727 cm-l.
284
II
IR (Nujol):
1H NMR (300 MHz, C6D6 ): 1.83-2.03 (m, 16 H), 1.83 (d, J = 7.1 Hz, 6 H), 1.62-
1.69 (m, 4 H), 1.36-1.42 (m, 4 H); and 1.01-1.18
(m, 24 H).
13C NMR (75.5 MHz, C6D6): 166.8.
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FNb(tBuMeSiOC-COSitBuMe2)(dmpe)2 Cl] (74)
A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Nb(CO)2(dmpe)2C1] (0.242 g, 0.5 mmol) and 8 mL of THF. Upon dissolution,
excess 40% sodium amalgam was added in one portion and the reaction mixture was
allowed to stir vigorously for 3.5 h. The orange solution was decanted into a second 25-
mL pear-shaped flask and a solution of tBuMe2SiCl (0.151 g, 1.0 mmol) in 2 mL of THF
was added in one portion. After 0.5 h, Bu4 NBPh4 (0.562 g, 1.0 mmol) was added in one
portion and the reaction was stirred for 14 h, providing a green solution. Upon removal
of the solvents under vacuum, the product was extracted with pentane and the pentane
solution was filtered and concentrated under vacuum to provide a green solid.
Recrystallization from pentane at -30 °C afforded 0.218 g (61%) of the desired product as
green crystals.
IR (Nujol): 1541, 1418, 1252, 1120, 992, 938, 888, 837, 773,
725, and 694 cm-1.
IH NMR (300 MHz, C6D6 ):
Elemental Analysis
for C2 6H62Cl0 2 P4 Si2 Nb:
1.71-1.77 (m, 4 H), 1.41-1.47 (m 12 H), 1.37-1.38
(m, 12 H), 1.13-1.32 (m, 4 H), 1.10 (s, 18 H),
and 0.21 (s, 12 H).
Calcd: C, 43.66; H, 8.74; N, 0.00.
Found: C, 43.57; H, 8.55, N, 0.00.
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A 25-mL, one-necked, pear-shaped flask fitted with a rubber septum was charged
with [Ta(CO)2(depe)2Cl] (0.136 g, 0.2 mmol) and 20 mL of THF. Upon dissolution,
excess 40% sodium amalgam was added in one portion and the reaction mixture was
allowed to stir vigorously for 3.5 h. The solids were allowed to settle, the solution was
decanted into a second 25-mL pear-shaped flask, and a solution of (ClMe2 SiCH2 )2 (0.044
g, 0.2 mmol) in 3 mL of THF was added in one portion via pipette. The reaction mixture
was allowed to stir for 2 h, providing a green solution. The solvents were removed under
vacuum and the residue was triturated with two 5-mL portions of pentane. The product
was extracted with pentane, filtered and the solvents were removed under vacuum.
Recrystallization from pentane at -30 C afforded 0.124 g (75%) of the desired product as
green crystals.
IR (Nujol):
IH NMR (300 MHz, C6 D6):
31p NMR (121 MHz, C6 D6):
Elemental Analysis
for C2 8H6402P4Si2 ClTa:
1570, 1249, 1137, 1036, 1001, 832, 785,
730, 721, and 695 cm-1 .
2.02-2.11 (m, 4H), 1.82-1.97 (m, 16H), 1.60-1.71
(m, 4H), 1.05-1.17 (m, 24H), 0.63 (s, 4H),
and 0.12 (s, 12H).
44.7.
Calcd: C, 40.55; H, 7.78; N, 0.00.
Found: C, 40.18: H, 8.17; N, 0.00.
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Details of X-ray Data Collection and Structure Solution
[Ta(Et3 SiOC-COSitBuPh2)(dmpe)2 Cl] (4)
Green/brown crystals were grown by cooling a saturated solution of
[Ta(Et3 SiOC-=COSitBuPh2)(dmpe)2C1] in pentane at -30 C. An irregularly shaped
crystal (dimensions 0.3 x 0.3 x 0.2 mm) was mounted on the end of a quartz fiber with
silicon grease on a cold stage. Unit cell parameters and intensity data were obtained by
methods standard in our laboratory, details of which are provided in Table X. The
crystal was judged to be acceptable based on open counter -scans of several low angle
reflections (A/ 2 = 0.210) and by axial photographs. The tantalum atom was located by
direct methods. Remaining non-hydrogen atoms were revealed by subsequent least
squares refinements and difference Fourier maps. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were placed at calculated positions in the final
refinement cycles. The largest residual peak in the final difference Fourier map was 0.56
e-/A 3 near Ta.
[Ta(AcOC-COSitBuPh 2)(depe) 2Ci] (67)
Green crystals were grown by cooling a saturated solution of
[Ta(AcOCCOSitBuPh 2)(depe) 2C1] in pentane at -30 C. An irregularly shaped crystal
(dimensions 0.35 x 0.38 x 0.43 mm) was cut from a larger specimen and mounted on the
end of a quartz fiber with silicon grease from Exxon Paratone-N. Unit cell parameters
and intensity data were obtained by methods standard in our laboratory, details of which
are provided in Table X. The crystal was judged to be acceptable based on open counter
o-scans of several low angle reflections (i 1/2 = 0.24°) and by axial photographs. The
tantalum atom was located by direct methods. Remaining non-hydrogen atoms were
revealed by subsequent least squares refinements and difference Fourier maps. All non-
hydrogen atoms were refined anisotropically, except for the C300 - C305 phenyl ring,
291
which was treated as a rigid group. C300 through C305, as well as C34 and C35, were
disordered over two sets of positions. A model accounting for this disorder was
introduced and refined, with the final occupancies determined to be 70/30. Hydrogen
atoms were placed at calculated positions in the final refinement cycles. The largest
residual peak in the final difference Fourier map was 1.49 e/iA3 near Ta.
[Ta(AcOC=-COAc)(dmpe) 2C1] (71)
Green crystals were grown by cooling a saturated solution of [Ta(AcOC=-COAc)-
(dmpe)2C1] in pentane at -30 C. An irregularly shaped crystal (dimensions 0.35 x 0.38 x
0.43 mm) was cut from a larger specimen and mounted on the end of a quartz fiber with
silicon grease from Exxon Paratone-N. Unit cell parameters and intensity data were
obtained by methods standard in our laboratory, details of which are provided in Table X.
The crystal was judged to be acceptable based on open counter to-scans of several low
angle reflections (M 1/2 = 0.290) and by axial photographs. The tantalum atom was
located by direct methods. Remaining non-hydrogen atoms were revealed by subsequent
least squares refinements and difference Fourier maps. Severe problems were
encountered during the later stages of refinement, limiting anisotropic refinement to
tantalum, phosphorus and chlorine. In addition, some of the bond distances and angles
were not consistent between the two molecules in the asymmetric unit. Although the
statistics and systematic absences indicated the correct choice of C2 as the space group,
attempts were made to refine the structure in other space groups, including Cm, Cc, C2/m,
and C2/c. In all cases, the solution obtained was inferior to that resulting from Cc.
Varying the a cutoff from 0 to 3 also did not appear to help in the structure refinement.
The largest residual peak in the final difference Fourier map was 1.94 e-/A3 near Tal.
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[Ta(Me2SiOC_COSiMe 2 )(depe) 2CI] (76)
Green crystals were grown by cooling a saturated solution of
[Ta(Me2SiOC=COSiMe 2)(depe) 2C1 ] in pentane at -30 C. An irreguloly shaped crystal
(dimensions 0.3 x 0.3 x 0.2 mm) was mounted on the end of a quartz fiber with silicon
grease on a cold stage. Unit cell parameters and intensity data were obtained by methods
standard in our laboratory, details of which are provided in Table X. The crystal was
judged to be acceptable based on open counter o.-scans of several low angle reflections
(A~ 1/2 = 0.27°) and by axial photographs. The tantalum atom was located by direct
methods. Remaining non-hydrogen atoms were revealed by subsequent least squares
refinements and difference Fourier maps. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were placed at calculated positions in the final
refinement cycles. The largest residual peak in the final difference Fourier map was 1.33
e'A 3 near Ta.
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Table X. Crystallographic Information for [Ta(Et3SiOC=-COSitBuPh2)(dmpe) 2C1] (34),
[Ta(AcOC-=COSitBuPh 2)(depe) 2 C1] (67), [Ta(AcOC-COAc)(dmpe) 2 Cl1] (71) and
[Ta(Me2iOC-=COSiMe 2 )(depe) 2Cl] (76).a
a
b
C
V
T (C)
Empirical
Formula
fw
z
Pcalc
space group
20 limits ()
data limits
u (cm -1)
total data
unique datab
parameters
34
19.258(2)
12.506(2)
20.213(2)
116.098(9)
4371(1)
-72
C36 H6 6 02 P4
Si2 TaCl
927.38
4
1.41
P2 1/c
3-50
±h +k +1
27.7
8710
6080
415
67
21.553(5)
10.893(1)
22.011(5)
117.86(2)
4569(2)
-110
C40H700 3P4
SiTaCl
967.37
4
1.41
P21/n
3-50
-h -k +l
26.6
8838
6034
427
71
14.964(2)
11.960(2)
31.710(5)
102.77(1)
5535(1)
-60
C18H3804
P4TaCl
658.79
8
1.58
C2
3-46
+h +k +l
43.1
6084
4069
407
76
11.512(1)
18.311(3)
18.493(3)
96.322(7)
3875(1)
-83
C28H6402P4
Si2TaCl
829.28
4
1.42
Cc
3-50
+h +k +l
31.5
7516
3054
341
p factor 0.05 0.05 0.03 0.04
Absorption empirical empirical empirical empirical
Correction (Psi) (Psi) (Psi) (Psi)
Trans. Range 0.9002-1.000 0.8179-1.000 0.8261-1.000 0.6749-1.000
Rmerge 0.016 0.025 0.096 0.036
GOF 0.954 1.810 1.898 1.170
Rc = 0.029 0.041 0.063 0.032
Rw = 0.038 0.044 0.071 0.039
a Data were collected on an Enraf Nonius CAD-4F kappa geometry diffractometer using
Mo Ka radiation. Scan type was 0/20. b Observation criterion I > 3a(I). c R = IFol-
IFcI/1IFol, Rw = w(lFo-IFc) 2/wIFol 2]1/ 2, where w = 1/a 2(F), as defined in Carnahan,
E. M.; Rardin, R. L.; Bott, S. G.; Lippard, S. J. Inorg. Chem. 1992, 31, 5193.
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Table XI. Intramolecular Distances Involving the Nonhydrogen
Atoms for [Ta(Et3SiOCCOSitBuPh 2)(dmpe) 2C1] (34).a
atom distance
C1
P(1)
P(2)
P(3)
P(4)
C(1)
C(2)
C(11)
C(12)
C(13)
C(21)
C(22)
C(23)
C(31)
C(32)
C(33)
C(41)
C(42)
C(43)
0(1)
C(100)
C(200)
C(300)
0(2)
C(400)
2.583(1)
2.526(1)
2.535(1)
2.522(1)
2.535(1)
2.092(4)
2.123(4)
1.849(5)
1.815(6)
1.832(5)
1.851(6)
1.831(5)
1.829(5)
1.847(5)
1.834(6)
1.830(5)
1.849(6)
1.826(5)
1.818(5)
1.648(3)
1.899(5)
1.871(5)
1.890(4)
1.639(4)
1.846(6)
atom
Si(2)
Si(2)
0(1)
0(2)
C(1)
C(11)
C(31)
C(100)
C(100)
C(100)
C(200)
C(200)
C(201)
C(202)
C(203)
C(204)
C(300)
C(300)
C(301)
C(302)
C(303)
C(304)
C(400)
C(402)
C(404)
atom distance
C402
C404
Cl
C2
C2
C21
C(41)
C(101)
C(102)
C(103)
C(201)
C(205)
C(202)
C(203)
C(204)
C(205)
C(301)
C(305)
C(302)
C(303)
C(304)
C(305)
C(401)
C(403)
C(405)
1.868(7)
1.869(6)
1.394(5)
1.371(5)
1.321(6)
1.519(7)
1.531(8)
1.525(8)
1.528(6)
1.531(7)
1.404(7)
1.398(7)
1.373(7)
1.384(8)
1.389(8)
1.395(8)
1.381(6)
1.387(6)
1.392(7)
1.380(8)
1.358(8)
1.398(7)
1.498(9)
1.43(1)
1.524(8)
aAtoms are labeled as indicated in Figure 1. Distances are in angstroms.
Estimated standard deviations in the least significant figure are given in
parentheses.
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atom
Ta
Ta
Ta
Ta
Ta
Ta
Ta
P(1)
P(1)
P(1)
P(2)
P(2)
P(2)
P(3)
P(3)
P(3)
P(4)
P(4)
P(4)
Si(l)
Si(1)
Si(l)
Si(l)
Si(2)
Si(2)
..... a--.-
Table XII. Intramolecular Bond Angles Involving the
Nonhydrogen Atoms for [Ta(Et3 SiOC-COSitBuPh2)(dmpe) 2C1] (34).a
atom atom atom
C1
Cl
CI
C1
P(1)
P(1)
P(1)
]P(1)
P(1)
P(2)
P(2)
P(2)
P(2)
P(3)
P('3)
P(3)
P(4)
P(4)
c'( 1)
Ta
Ta
Ta
C((11)
C(I 1)
C)(2)
0(2)
C(400)
C(400)
C(402)
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
P(1)
P(1)
P(1)
P(1)
P(1)
Si(2)
Si(2)
Si(2)
Si(2)
Si(2)
P(1)
P(2)
P(3)
P(4)
C(1)
C(2)
P(2)
P(3)
P(4)
C(1)
C(2)
P(3)
P(4)
C(1)
C(2)
P(4)
C(1)
C(2)
C(1)
C(2)
C(2)
C(11)
C(12)
C(13)
C(12)
C(13)
C(402)
C(404)
C(402)
C(404)
C(404)
angle atom atom atom
80.05(4)
79.96(4)
80.93(4)
79.39(4)
160.1(1)
163.3(1)
78.13(4)
160.87(4)
100.29(4)
108.0(1)
93.7(1)
96.53(4)
159.24(4)
119.1(1)
83.6(1)
78.14(4)
90.7(1)
104.1(1)
81.3(1)
117.1(1)
36.5(2)
109.1(2)
115.2(2)
124.5(2)
101.8(3)
101.6(2)
110.5(2)
112.2(2)
109.2(3)
108.2(3)
109.9(3)
C(12)
Ta
Ta
Ta
C(21)
C(21)
C(22)
Ta
Ta
Ta
C(31)
C(31)
C(32)
Ta
Ta
Ta
C(41)
C(41)
C(42)
0(1)
0(1)
0(1)
C(100)
C(100)
C(200)
0(2)
C(200)
C(201)
C(202)
C(203)
C(200)
P(1)
P(2)
P(2)
P(2)
P(2)
P(2)
P(2)
P(3)
P(3)
P(3)
P(3)
P(3)
P(3)
P(4)
P(4)
P(4)
P(4)
P(4)
P(4)
Si(1)
Si(1)
Si(1)
Si(1)
Si(1)
Si(1)
Si(2)
C(201)
C(202)
C(203)
C(204)
C(205)
C(13)
C(21)
C(22)
C(23)
C(22)
C(23)
C(23)
C(31)
C(32)
C(33)
C(32)
C(33)
C(33)
C(41)
C(42)
C(43)
C(42)
C(43)
C(43)
C(100)
C(200)
C(300)
C(200)
C(300)
C(300)
C(400)
C(202)
C(203)
C(204)
C(205)
C(204)
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angle
101.7(3)
110.4(2)
120.1(2)
120.0(2)
100.2(3)
102.5(3)
100.5(2)
110.0(2)
123.3(2)
115.0(2)
101.3(3)
103.2(2)
101.5(3)
109.7(2)
121.3(2)
121.0(2)
101.8(2)
101.4(3)
98.4(2)
104.5(2)
108.4(2)
110.1(2)
110.9(2)
107.5(2)
114.9(2)
106.7(2)
122.9(5)
119.9(5)
119.0(5)
120.8(5)
121.0(5)
__
Table XII. Intramolecular Bond Angles Involving the
Nonhydrogen Atoms for [Ta(Et3 SiOC=COSitBuPh2)(dmpe)2Cl] (34).a
atom atom atom
Si(l)
Si(2)
Ta
Ta
o(1)
Ta
Ta
0(2)
P(1)
P(2)
P(3)
P(4)
Si(1)
C(101)
C(102)
Si(l)
0(1)
0(2)
C(1)
C(1)
C(1)
C(2)
C(2)
C(2)
C(11)
C(21)
C(31)
C(41)
C(100)
C(100)
C(100)
C(200)
C(1)
C(2)
0(1)
C(2)
C(2)
0(2)
C(1)
C(1)
C(21)
C(l1)
C(41)
C(31)
C(102)
C(102)
C(103)
C(205)
angle atom atom atom
135.1(3)
144.9(3)
147.8(3)
73.0(3)
138.5(4)
154.2(3)
70.4(3)
134.6(4)
111.5(4)
109.1(4)
110.1(3)
109.8(4)
109.5(3)
108.7(4)
108.4(4)
124.1(4)
Si(l)
Si(l)
C(301)
C(300)
C(301)
C(302)
C(303)
C(300)
Si(2)
Si(2)
Si(2)
Si(l)
Si(1)
C(101)
Si(l)
C(201)
C(300)
C(300)
C(300)
C(301)
C(302)
C(303)
C(304)
C(305)
C(400)
C(402)
C(404)
C(100)
C(100)
C(100)
C(200)
C(200)
C(301)
C(305)
C(305)
C(302)
C(303)
C(304)
C(305)
C(304)
C(401)
C(403)
C)405)
C(101)
C(103)
C(103)
C(201)
C(205)
aAtoms are labeled as indicated in Figure 1.Angles are in degrees. Estimated standard
deviations in the least significant figure are given in parentheses.
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angle
118.2(4)
123.2(4)
118.2(4)
121.2(5)
119.6(5)
120.3(5)
120.2(5)
120.5(5)
116.1(5)
120.7(5)
114.6(4)
109.3(3)
111.5(3)
109.4(5)
119.5(4)\
116.4(4)
Table XIII. Intramolecular Distances Involving the Nonhydrogen
Atoms in [Ta(AcOC-=COSitBuPh 2)(depe) 2C1] (67).a
atom
C1
P(1)
P(2)
P(3)
P(4)
C(1)
C(2)
C(11)
C(12)
C(13)
C(21)
C(22)
C(23)
C(31)
C(32)
C(33)
C(41)
C(42)
C(43)
0(1)
C(100)
C(200)
C(300a)
distance
2.526(2)
2.579(2)
2.580(2)
2.562(2)
2.570(2)
2.088(7)
2.090(8)
1.860(8)
1.85(1)
1.823(7)
1.850(8)
1.840(8)
1.85(1)
1.852(9)
1.822(7)
1.82(1)
1.865(8)
1.84(1)
1.835(6)
1.660(6)
1.873(8)
1.83(1)
1.940(6)
atom atom
0(2)
0(3)
C(1)
C(11)
C(12)
C(13)
C(22)
C(23)
C(31)
C(32)
C(32)
C(33)
C(33)
C(42)
C(43)
C(100)
C(100)
C(100)
C(200)
C(200)
C(201)
C(202)
C(203)
C(400)
C(400)
C(2)
C(21)
C(14)
C(15)
C(24)
C(25)
C(41)
C(34a)
C(34b)
C(35a)
C(35b)
C(44)
C(45)
C(101)
C(102)
C(103)
C(201)
C(205)
C(202)
C(203)
C(204)
distance
1.33(1)
1.19(1)
1.31(1)
1.53(1)
1.53(1)
1.54(1)
1.51(1)
1.51(1)
1.531(9)
1.44(2)
1.79(4)
1.51(2)
1.54(3)
1.52(1)
1.52(1)
1.52(1)
1.54(1)
1.51(1)
1.43(2)
1.37(2)
1.34(2)
1.39(2)
1.41(2)
299
atom
Ta
Ta
Ta
Ta
Ta
Ta
Ta
P(1)
P(1)
P(1)
P(2)
P(2)
P(2)
P(3)
P(3)
P(3)
P(4)
P(4)
P(4)
Si
Si
Si
Si
Table XIII. Intramolecular Distances Involving the Nonhydrogen
Atoms in [Ta(AcOC=COSitBuPh2)(depe)2C1] (67).a
atom atom
Si
0(1)
0(2)
C(300a)
C(305a)
C(304a)
C(300a)
C(302a)
C(303a)
C(300b)
C(1)
C(2)
C(301a)
C(304a)
C(303a)
C(305a)
C(301a)
C(302a)
distance
1.89(2)
1.386(8)
1.44(1)
1.395(9)
1.395(9)
1.395(9)
1.40(1)
1.395(9)
1.395(9)
atom atom
C(204)
C(400)
C(300b)
C(300b)
C(305b)
C(304b)
C(303b)
C(302b)
C(205)
C(401)
C(305b)
C(301b)
C(304b)
C(303b)
C(302b)
C(301b)
aAtoms are labeled as indicated in Figure 3. Distances are in angstroms.
Estimated standard deviations in the least significant figure are given
in parantheses.
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distance
1.39(2)
1.52(2)
1.40(3)
1.40(3)
1.40(3)
1.40(3)
1.40(4)
1.40(3)
Table XIV. Intramolecular Bond Angles Involving the Nonhydrogen Atoms in
[Ta(AcOCCOSitBuPh 2 )(depe)2Cl] (67)
atom atom atom angle atom atom atom angle
C1 Ta P(1) 83.56(7) C(12) P(1) C(13) 102.9(4)
C1 Ta P(2) 82.00(7) Ta P(2) C(21) 108.8(2)
C1l Ta P(3) 83.56(7) Ta P(2) C(22) 121.3(3)
C1 Ta P(4) 81.01(7) Ta P(2) C(23) 120.7(3)
C1 Ta C(1) 158.9(2) C(21) P(2) C(22) 97.4(4)
Cl Ta C(2) 163.9(2) C(21) P(2) C(23) 102.7(4)
P(1) Ta P(2) 77.31(7) C(22) P(2) C(23) 102.2(4)
P(1) Ta P(3) 167.10(7) Ta P(3) C(31) 110.3(2)
P(1) Ta P(4) 99.94(7) Ta P(3) C(32) 122.9(3)
P(1) Ta C(1) 103.4(2) Ta P(3) C(33) 115.5(3)
P(1) Ta C(2) 95.9(2) C(31) P(3) C(32) 99.9(4)
P(2) Ta P(3) 101.50(6) C(31) P(3) C(33) 101.2(4)
P(2) Ta P(4) 162.99(7) C(32) P(3) C(33) 103.9(4)
P(2) Ta C(1) 118.8(2) Ta P(4) C(41) 108.4(3)
P(2) Ta C(2) 82.2(2) Ta P(4) C(42) 122.3(2)
P(3) Ta P(4) 77.38(7) Ta P(4) C(43) 119.9(3)
P(3) Ta C(1) 88.5(2) C(41) P(4) C(42) 99.0(4)
P(3) Ta C(2) 96.6(2) C(41) P(4) C(43) 102.1(3)
P(4) Ta C(1) 78.2(2) C(42) P(4) C(43) 101.6(4)
P(4) Ta C(2) 114.8(2) 0(1) Si C(100) 104.3(4)
C(1) Ta C(2) 36.6(3) 0(1) Si C(200) 110.9(4)
Ta P(1) C(l 11) 110.1(2) 0(1) Si C(300a) 110.7(3)
Ta P(1) C(12) 122.1(3) 0(1) Si C(300b) 111.9(7)
Ta P(1) C(13) 116.1(3) C(100) Si C(200) 107.4(4)
C(1 1) P(1) C(12) 100.8(4) C(100) Si C(300a) 108.8(3)
C(l1) P(1) C(13) 102.1(4) C(100) Si C(300b) 129.3(8)
C(200) Si C(300a) 114.2(4) P(4) C(43) C(45) 117.7(5)
C(200) Si C(300b) 91.9(8) Si C(100) C(101) 108.1(6)
Si 0(1) C(1) 135.7(5) Si C(100) C(102) 112.6(5)
C(2) 0(2) C(400) 120.9(7) Si C(100) C(103) 112.3(7)
Ta C(1) 0(1) 152.5(6) C(101) C(100) C(102) 105.3(8)
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Table XIV. Intramolecular Bond Angles Involving the Nonhydrogen Atoms in
[Ta(AcOC-COSitBuPh 2)(depe) 2C1] (67)
atom atom
Ta
0(1)
Ta
Ta
0(2)
P(1)
P(1)
P(1)
P(2)
P(2)
P(2)
P(3)
P(3)
P(3)
P(3)
P(3)
.P(4)
'P(4)
C((300a)
C(305a)
C(3(305b)
C(300b)
C(305b)
C(304b)
C(1)
C(1)
C(2)
C(2)
C(2)
C(11)
C(12)
C(13)
C(21)
C(22)
C(23)
C(31)
C(32)
C(32)
C(33)
C(33)
C(41)
C(42)
C(305a)
C(304a)
C(300b)
C(305b)
C(304b)
C(303b)
atom
C(2)
C(2)
0(2)
C(1)
C(1)
C(21)
C(14)
C(15)
C(11)
C(24)
C(25)
C(41)
C(34a)
C(34b)
C(35a)
C(35b)
C(31)
C(44)
C(304a)
C(303a)
C(301b)
C(304b)
C(303b)
C(302b)
angle
71.8(4)
135.4(8)
159.9(4)
71.6(5)
126.6(7)
111.3(6)
116.6(8)
114.1(6)
109.8(6)
116.0(6)
117.3(7)
111.3(5)
120.4(7)
107(1)
112.0(8)
131(1)
108.2(5)
113.9(6)
120.0(5)
120.0(6)
120(2)
120(2)
120(2)
120(2)
atom atom
C(101)
C(102)
Si
Si
C(201)
C(200)
C(201)
C(202)
C(203)
C(200)
0(2)
0(2)
0(3)
Si
Si
C(305a)
C(304a)
C(303a)
C(300a)
Si
Si
C(303b)
C(300b)
C(100)
C(100)
C(200)
C(200)
C(200)
C(201)
C(202)
C(203)
C(204)
C(205)
C(400)
C(400)
C(400)
C(300a)
C(300a)
C(300a)
C(303a)
C(302a)
C(301a)
C(300b)
C(300b)
C(302b)
C(301b)
aA.toms are labeled as indicated in Figure 3. Angles are in degrees. Estimated standard
deviations in the least significant figure are given in parentheses.
302
atom
C(103)
C(103)
C(201)
C(205)
C(205)
C(202)
C(203)
C(204)
C(205)
C(204)
0(3)
C(401)
C(401)
C(305a)
C(301a)
C(301a)
C(302a)
C(301a)
C(302a)
C(305b)
C(301b)
C(30 ib)
C(302b)
angle
107.8(6)
110.3(8)
119.0(9)
122.7(8)
118(1)
120(1)
121(1)
119(1)
118(1)
122(1)
126(1)
110.0(8)
123.8(9)
116.4(4)
123.6(5)
120.0(5)
120.0(5)
120.0(5)
120.0(6)
129(2)
111(2)
120(2)
120(2)
__
C12
Cli
C13
C21
C42C1 .
010
C43
C32,
C41
C31
Figure 6. PLUTO diagram of [Ta(AcOC.COAc)(dmpe)2Cl] (71) showing the labeling
scheme for all non-hydrogen atoms in one of the molecules in the asymmetric unit.
303
C22
C113
C142 C143
0210
C421 C402
0402
C131
Clll
C121
Clll
C123
C411
C133
C132
Figure 7. PLUTO diagram of [Ta(AcOC-COAc)(dmpe) 2Cl] (71) showing the labeling
scheme for all non-hydrogen atoms in the second molecule in the asymmetric unit.
304
C122
Table XV. Intramolecular Distances Involving the Nonhydrogen
Atoms for [Ta(AcOC=COAc)(dmpe) 2C1] (71).a
atom distance
C1(1)
P(1)
P(2)
P(3)
P(4)
C(1)
C(2)
Cl(11)
P( 11)
P(12)
P(13)
P(14)
C(401)
C(402)
C(11)
C(12)
C(13)
C(21)
C(22)
C(23)
C(31)
C(32)
2.527(9)
2.525(8)
2.54(1)
2.531(9)
2.54(1)
2.10(3)
2.12(3)
2.539(8)
2.532(8)
2.54(1)
2.536(7)
2.53(1)
2.02(3)
2.06(3)
1.86(4)
1.79(5)
1.91(5)
1.87(7)
1.86(7)
1.80(7)
1.85(4)
1.73(4)
atom
P(1 1)
P(1 1)
P(1 1)
P(12)
P(12)
P(12)
P(13)
P(13)
P(13)
P(14)
P(14)
P(14)
0(1)
0(1)
0(2)
0(2)
0(10)
0(20)
0(110)
0(210)
0(401)
0(401)
atom distance
C( 11)
C(112)
C(113)
C(121)
C(122)
C(123)
C(131)
C(132)
C(133)
C(141)
C(142)
C(143)
C(1)
C(100)
C(2)
C(200)
C(100)
C(200)
C(410)
C(420)
C(401)
C(410)
1.77(4)
1.83(4)
1.79(5)
1.82(4)
1.71(5)
1.84(4)
1.88(6)
1.81(4)
1.83(4)
1.75(4)
1.76(4)
1.81(5)
1.44(3)
1.31(5)
1.36(4)
1.38(4)
1.13(5)
1.11(5)
1.08(8)
1.14(4)
1.37(4)
1.44(7)
305
atom
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(1 1)
Ta( 11)
Ta( 11)
Ta( 1l)
Ta(1 1)
Ta(1 1)
Ta( 11)
P(1)
P(1)
P(1)
P(2)
P(2)
P(2)
P(3)
P(3)
Table XV. Intramolecular Distances Involving the Nonhydrogen
Atoms for [Ta(AcOCCOAc)(dmpe) 2C1] (71).a
atom distance
C(33)
C(41)
C(42)
C(43)
C(41)
C(101)
C(121)
C(141)
1.91(5)
1.77(4)
1.77(4)
1.86(4)
1.36(5)
1.57(6)
1.47(5)
1.47(6)
atom
0(402)
0(402)
C(1)
C(11)
C(200)
C(401)
C(410)
C(420)
atom distance
C(402)
C(420)
C(2)
C(21)
C(201)
C(402)
C(411)
C(421)
1.45(4)
1.33(4)
1.35(4)
1.31(7)
1.50(6)
1.18(4)
1.46(8)
1.69(8)
aAtoms are labeled as indicated in Figures 6 and 7. Distances are in
angstroms. Estimated standard deviations in the least significant figure
are given in parentheses.
306
atom
P(3)
P(4)
P(4)
P(4)
C(31)
C(100)
C(111)
C(131)
Table XVI. Intramolecular Bond Angles Involving the
Nonhydrogen Atoms for [Ta(AcOC-COAc)(dmpe)2C1] (71).a
atom atom atom
Cl(1)
C1(1)
C1(1)
C(1)
Cl(l)
Cl(l)
P(1)
P(1)
P(1)
P(1)
P(1)
P(2)
P(2)
P(2)
P(2)
P(3)
P(3)
P(3)
P(4)
P(4)
C(1)
C(ll1)
CI(11)
C1(11)
Cl(11)
Cl(1 1)
C(21)
C(22)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta(l)
Ta( 11)
Ta(1 1)
Ta( 11)
Ta( 11)
Ta( 11)
P(2)
P(2)
P(1)
P(2)
P(3)
P(4)
C(1)
C(2)
P(2)
P(3)
P(4)
C(1)
C(2)
P(3)
P(4)
C(1)
C(2)
P(4)
C(1)
C(2)
C(1)
C(2)
C(2)
P(11)
P(12)
P(13)
P(14)
C(401)
C(23)
C(23)
angle atom atom atom
83.7(3)
79.0(3)
85.0(4)
82.0(3)
162.7(9)
160.0(9)
77.5(3)
168.6(4)
98.8(3)
97.8(9)
92.2(8)
101.5(3)
161.0(3)
118.2(9)
80.9(8)
78.3(3)
92.7(9)
98.9(9)
80.7(9)
118.0(9)
37(1)
84.3(3)
77.9(3)
84.0(3)
83.4(4)
161.3(9)
111(3)
99(3)
Cl(11)
P(1 1)
P(1 1)
P(1 1)
P(1 1)
P(1 1)
P(12)
P(12)
P(12)
P(12)
P(13)
P(13)
P(13)
P(14)
P(14)
C(401)
Ta(l)
Ta(l)
Ta(l)
C(11)
C(11)
C(12)
Ta(l)
Ta(l)
Ta(l)
C(21)
Ta( 11)
Ta( 11)
Ta( 11)
Ta( 11)
Ta( 11)
Ta( 11)
Ta(l 1)
Ta( 11)
Ta(l 1)
Ta(1 1)
Ta( 11)
Ta(l 1)
Ta(l 1)
Ta(1 1)
Ta( 11)
Ta(l 1)
Ta(1 1)
Ta(l 1)
P(1)
P(1)
P(1)
P(1)
P(1)
P(1)
P(2)
P(2)
P(2)
P(2)
P(13)
P(13)
C(402)
P(12)
P(13)
P(14)
C(401)
C(402)
P(13)
P(14)
C(401)
C(402)
P(14)
C(401)
C(402)
C(401)
C(402)
C(402)
C(11)
C(12)
C(13)
C(12)
C(13)
C(13)
C(21)
C(22)
C(23)
C(22)
C(131)
C(132)
307
angle
165.1(9)
78.5(3)
168.0(3)
98.0(3)
93.7(8)
98.5(8)
101.4(3)
161.3(3)
83.5(9)
117.0(9)
78.2(3)
98.2(8)
92.3(8)
115.2(9)
81.7(9)
33(1)
113(1)
122(2)
116(1)
106(2)
98(2)
98(2)
106(2)
123(2)
118(2)
97(3)
110(2)
116(1)
Table XVI. Intramolecular Bond Angles Involving the
Nonhydrogen Atoms for [Ta(AcOC-COAc)(dmpe) 2Cl] (71).a
atom atom atom
Tai(l)
Ta(l)
Ta(l)
C'(3 1)
C(3 1)
C'(32)
Ta(l)
Ta(1)
Ta(1)
C(4 1)
Ci(41)
4C(42)
Ta( 1)
Ta(11)
Ta( 1)
C(111)
(2(111)
C(112)
Ta( 11)
Ta( 11)
Ta( : 1)
C(1'21)
C(121)
C(122)
0(1)
0(1)
0(10)
P(3)
P(3)
P(3)
P(3)
P(3)
P(3)
P(4)
P(4)
P(4)
P(4)
P(4)
P(4)
P(11)
P(11)
P(11)
P(11)
P(11)
P(11)
P(12)
P(12)
P(12)
P(12)
P(12)
P(12)
C(100)
C(100)
C(100)
C(31)
C(32)
C(33)
C(32)
C(33)
C(33)
C(41)
C(42)
C(43)
C(42)
C(43)
C(43)
C(111)
C(112)
C(113)
C(112)
C(113)
C(113)
C(121)
C(122)
C(123)
C(122)
C(123)
C(123)
0(10)
C(101)
C(101)
angle
108(1)
123(2)
118(2)
102(2)
107(3)
97(2)
109(2)
121(1)
124(2)
101(2)
103(2)
95(2)
109(1)
114(1)
120(2)
100(2)
108(2)
103(2)
104(1)
124(2)
121(1)
101(2)
98(2)
104(2)
130(5)
101(4)
129(4)
atom atom atom
Ta(11)
C(131)
C(131)
C(132)
Ta(11)
Ta(11)
Ta(11)
C(141)
C(141)
C(142)
C(1)
C(2)
C(401)
C(402)
Ta(1)
Ta(1)
0(1)
Ta(1)
Ta(l)
0(2)
P(1)
P(2)
P(3)
P(4)
0(401)
Ta(11)
Ta(11)
P(13)
P(13)
P(13)
P(13)
P(14)
P(14)
P(14)
P(14)
P(14)
P(14)
0(1)
0(2)
0(401)
0(402)
C(1)
C(1)
C(1)
C(2)
C(2)
C(2)
C(11)
C(21)
C(31)
C(41)
C(401)
C(402)
C(402)
C(133)
C(132)
C(133)
C(133)
C(141)
C(142)
C(143)
C(142)
C(143)
C(143)
C(100)
C(200)
C(410)
C(420)
0(1)
C(2)
C(2)
0(2)
C(1)
C(1)
C(21)
C(11)
C(41)
C(31)
C(402)
0(402)
C(401)
308
angle
123(1)
102(2)
104(2)
101(2)
110(2)
122(1)
122(2)
100(2)
101(2)
98(2)
110(3)
116(3)
122(5)
117(3)
151(2)
72(2)
135(3)
152(2)
70(2)
137(3)
111(4)
122(5)
119(3)
117(3)
133(3)
147(2)
71(2)
_ _
Table XVI. Intramolecular Bond Angles Involving the
Nonhydrogen Atoms for [Ta(AcOC=-COAc)(dmpe)2Cl1] (71).a
atom atom 'atom
P(1 1)
P(12)
P(13)
P(14)
0(2)
0(2)
0(20)
Ta(l 1)
C(l 1)
C(121)
C(131)
C(141)
C(200)
C(200)
C(200)
C(401)
C(121)
C(111)
C(141)
C(131)
0(20)
C(201)
C(201)
0(401)
angle atom atom atom
110(3)
113(3)
113(4)
116(4)
123(4)
108(4)
128(5)
152(2)
0(402)
0(110)
0(110)
0(401)
0(210)
0(210)
0(402)
Ta(ll)
C(402)
C(410)
C(410)
C(410)
C(420)
C(420)
C(420)
C(401)
C(401)
0(401)
C(41 1)
C(411)
0(402)
C(421)
C(421)
C(402)
aAtoms are labeled as indicated in Figures 6 and 7. Angles are in degrees. Estimated
standard deviations in the least significant figure are given in parentheses.
309
angle
142(3)
113(5)
126(7)
108(8)
121(3)
127(4)
112(4)
75(2)
Table XVII. Positional parameters and B(eq) for the non-hydrogen atoms in
[Ta(AcOC=COAc)(dmpe)2Cl] (71).a
x
0.78239(8)
0.17145(8)
0.7574(7)
0.1861(6)
0.6298(6)
0.8261(6)
0.9290(6)
0.7252(6)
0.0010(6)
0.1508(6)
0.3445(5)
0.1917(7)
0.784(1)
0.842(2)
0.719(2)
0.927(2)
0.237(2)
0.063(2)
0.146(2)
0.172(2)
0.786(2)
0.817(2)
0.641(3)
0.535(3)
0.568(3)
0.716(5)
0.883(4)
0.899(4)
0.900(3)
0.994(3)
Y
0.279
0.0439(1)
0.0891(8)
-0.1441(7)
0.2404(8)
0.1507(8)
0.282(1)
0.3449(9)
0.0051(8)
-0.0922(8)
0.049(1)
0.120(1)
0.565(2)
0.434(2)
0.612(2)
0.568(3)
0.329(4)
0.376(2)
0.191(2)
0.326(3)
0.452(3)
0.402(2)
0.156(3)
0.182(4)
0.367(4)
0.095(6)
0.014(6)
0.206(6)
0.329(5)
0.163(4)
z
0.11589(4)
0.38470(4)
0.0801(3)
0.4228(3)
0.1346(3)
0.1810(3)
0.0885(3)
0.0386(3)
0.3705(3)
0.3216(4)
0.4097(3)
0.4607(3)
0.1109(6)
0.2072(7)
0.165(1)
0.191(1)
0.303(2)
0.333(1)
0.295(1)
0.3861(9)
0.127(1)
0.165(1)
0.184(1)
0.096(2)
0.152(2)
0.191(2)
0.179(2)
0.230(2)
0.032(1)
0.086(1)
B(eq), A2 b
2.65(5)
2.43(5)
4.9(4)
4.7(4)
3.8(4)
3.4(4)
4.5(4)
4.1(4)
3.6(4)
3.5(4)
3.8(4)
4.5(5)
3.2(4)
5(1)
7(2)
7(2)
12(3)
8(2)
5(1)
7(1)
2.8(6)
2.4(6)
5(2)
7(1)
7(1)
13(2)
12(2)
12(2)
10(3)
6(2)
atom
Ta(1)
Ta( 1)
Cl(1)
C1(1 1)
P(1)
P(2)
P(3)
P(4)
P(11)
P(12)
P(13)
P(14)
0(1)
0(2)
0(10)
0(20)
0(110)
0(210)
0(401)
0(402)
C(1)
C(2)
C(11)
C(12)
C(13)
C(21)
C(22)
C(23)
C(31)
C(32)
310
Table XVII. Positional parameters and B(eq) for the non-hydrogen atoms in
[Ta(AcOC-=COAc)(dmpe) 2 C1] (71).a
B(eq), 2 b
12(4)
7(3)
8(2)
9(3)
8(3)
1.5(5)
4.1(7)
8(3)
8(3)
7(1)
6(1)
5.6(8)
9(1)
4.3(8)
6(1)
6(1)
5(1)
9(1)
6(2)
9(3)
2.0(5)
2.2(6)
16(5)
10(4)
5(2)
12(1)
a Atoms are labeled as indicated in Figures 6 and 7. Estimated standard deviations in the
least significant figure are given in parentheses. b B (eq) = 4/3 [a2Pl 
2ab cos(y)12 + 2ac cos()I313 + 2bc cos(a)P23].
+ b2 1022 + C2 033 +
311
atom
C(33)
C(41)
C(42)
C(43)
C(100)
C(101)
C(111)
C(112)
C(113)
C(121)
C(122)
C(123)
C(131)
C(132)
C(133)
C(141)
C(142)
C(143)
C(200)
C(201)
C(401)
C(402)
C(410)
C(411)
C(420)
C(421)
x
1.027(3)
0.820(3)
0.666(4)
0.643(3)
0.754(4)
0.766(2)
-0.031(2)
-0.070(3)
-0.049(4)
0.042(3)
0.134(3)
0.221(3)
0.377(4)
0.404(2)
0.415(3)
0.303(3)
0.128(3)
0.182(3)
0.893(3)
0.908(3)
0.158(2)
0.166(2)
0.175(4)
0.152(4)
0.121(2)
0.155(4)
Y
0.375(5)
0.384(4)
0.254(3)
0.463(5)
0.632(4)
0.749(2)
-0.079(3)
0.128(4)
-0.053(5)
-0.160(4)
-0.052(4)
-0.220(4)
0.105(5)
0.143(3)
-0.077(4)
0.172(4)
0.235(3)
0.033(5)
0.531(3)
0.557(4)
0.161(2)
0.212(2)
0.299(8)
0.304(6)
0.402(3)
0.534(7)
z
0.118(2)
0.017(2)
-0.002(1)
0.023(2)
0.137(2)
0.1169(9)
0.324(1)
0.353(2)
0.412(2)
0.321(1)
0.269(1)
0.325(1)
0.466(2)
0.381(1)
0.412(1)
0.478(1)
0.473(1)
0.506(2)
0.215(2)
0.262(2)
0.338(1)
0.370(1)
0.282(3)
0.235(1)
0.361(2)
0.376(2)
Table XVIII. Non-Hydrogen Atom Thermal Parameters for
[Ta(AcOC_COAc)(dmpe) 2C1] (71).a
atom Ull U22 U33 U12 U13 U23
Ta(1) 0.0333(7) 0.0319(7) 0.0348(8) 0.0052(6) 0.0058(6) -0.0043(6)
Ta(11) 0.0294(6) 0.0285(7) 0.0333(8) 0.0031(6) 0.0043(5) 0.0040(6)
(C1(1) 0.072(6) 0.049(6) 0.064(7) 0.012(5) 0.015(5) -0.015(5)
C1(1 1) 0.069(6) 0.041(5) 0.062(7) 0.007(4) 0.003(5) 0.029(5)
P(1) 0.028(4) 0.068(7) 0.052(6) -0.001(4) 0.017(4) -0.003(5)
]?P(2) 0.035(5) 0.040(5) 0.053(7) 0.010(4) 0.004(5) -0.001(5)
P(3) 0.055(6) 0.067(7) 0.052(6) 0.030(6) 0.021(5) 0.015(6)
P(4) 0.055(6) 0.067(7) 0.031(6) 0.012(5) 0.006(5) -0.002(5)
P(i 1) 0.032(5) 0.050(6) 0.058(7) 0.004(4) 0.013(4) 0.005(5)
P(12) 0.043(5) 0.038(5) 0.056(7) 0.004(4) 0.023(5) -0.016(5)
P(13) 0.024(4) 0.054(5) 0.062(6) 0.009(5) -0.001(4) -0.009(6)
P(14) 0.060(6) 0.069(7) 0.042(6) 0.024(5) 0.009(5) -0.009(5)
0(2) 0.07(2) 0.06(2) 0.03(1) 0.01(1) -0.02(1) -0.01(1)
0C(10) 0.06(2) 0.06(2) 0.13(3) 0.02(1) 0.01(2) -0.05(2)
10(20) 0.05(2) 0.07(2) 0.16(4) -0.01(2) 0.04(2) -0.01(2)
O(110) 0.08(2) 0.16(4) 0.23(6) 0.07(3) 0.08(3) 0.11(4)
0(210) 0.04(2) 0.03(1) 0.22(4) 0.01(1) -0.01(2) -0.03(2)
0(401) 0.08(2) 0.02(1) 0.08(2) 0.01(1) 0.02(2) 0.01(1)
0(402) 0.05(2) 0.13(3) 0.05(2) 0.04(2) -0.03(1) -0.02(2)
C(1 1) 0.06(2) 0.08(3) 0.07(3) 0.01(2) 0.04(2) 0.04(2)
C(3n 1) 0.06(2) 0.27(7) 0.08(3) 0.09(4) 0.05(2) 0.12(4)
C(32) 0.07(3) 0.07(3) 0.08(3) 0.03(2) -0.01(2) -0.02(3)
C(33) 0.07(3) 0.12(5) 0.27(9) -0.01(3) 0.06(4) -0.15(5)
C(41) 0.08(3) 0.09(3) 0.10(4) 0.04(3) 0.04(3) 0.03(3)
C(42) 0.18(5) 0.05(3) 0.02(2) 0.04(3) -0.04(2) -0.02(2)
C(43) 0.09(3) 0.17(5) 0.09(4) 0.04(3) 0.01(3) 0.11(4)
C(100) 0.11(4) 0.11(4) 0.11(5) 0.08(3) 0.06(4) 0.02(3)
C(1 12) 0.03(2) 0.08(3) 0.19(6) -0.00(2) 0.05(3) 0.01(3)
C(1 13) 0.13(4) 0.16(5) 0.06(4) 0.03(4) 0.06(3) -0.01(3)
C(200) 0.07(3) 0.03(2) 0.11(4) 0.00(2) 0.01(3) -0.04(3)
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Table XVIII. Non-Hydrogen Atom Thermal Parameters for
[Ta(AcOC-=COAc)(dmpe) 2C1] (71).a
atom Ull U22 U33 U12 U13 U23
C(201) 0.17(5) 0.04(2) 0.10(4) -0.00(3) -0.05(3) -0.03(3)
C(410) 0.09(4) 0.3(1) 0.23(8) 0.01(6) 0.01(5) 0.23(8)
C(411) 0.16(5) 0.20(7) 0.04(3) 0.06(5) 0.03(3) 0.03(4)
C(420) 0.03(2) 0.02(2) 0.13(4) -0.01(2) 0.01(2) -0.02(2)
a Atoms are labeled as indicated in Figures 6 and 7. Estimated standard deviations in
the least significant figures are given in parantheses. Anisotropic temperature factors
are of the form exp[-2 2 (Ul lh 2a*2 ... + 2U12hka*b* + ...)].
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Table XIX. Intramolecular Distances Involving the Non-hydrogen Atoms in
[Ta(Me2SiOC-COSiMe2)(depe)2C1] (76).a
atom atom distance atom atom distance
Ta C1 2.511(3) Si(1) C(201) 1.87(2)
Ta P(1) 2.558(4) Si(1l) C(202) 1.83(2)
Ta P(2) 2.565(4) Si(2) 0(2) 1.623(8)
Ta P(3) 2.546(4) Si(2) C(300) 1.81(2)
Ta P(4) 2.555(4) Si(2) C(301) 1.89(2)
Ta C(1) 2.09(1) Si(2) C(302) 1.79(2)
Ta C(2) 2.11(1) 0(1) C(1) 1.46(1)
P(1) C(11) 1.88(1) 0(2) C(2) 1.40(1)
P(1) C(12) 1.83(1) C(1) C(2) 1.24(2)
P(1) C(13) 1.83(1) C(11) C(21) 1.48(2)
P(2) C(21) 1.85(2) C(12) C(14) 1.52(2)
P(2) C(22) 1.81(2) C(13) C(15) 1.48(2)
P(2) C(23) 1.82(1) C(22) C(24) 1.52(2)
P(3) C(31) 1.86(2) C(23) C(25) 1.53(2)
P(3) C(32) 1.84(1) C(31) C(41) 1.62(2)
P(3) C(33) 1.85(2) C(32) C(34) 1.52(2)
P(4) C(41) 1.84(1) C(33) C(35) 1.53(2)
P(4) C(42) 1.85(1) C(42) C(44) 1.51(2)
P(4) C(43) 1.83(1) C(43) C(45) 1.56(2)
Si(1) 0(1) 1.637(8) C(200) C(300) 1.59(3)
Si(1) C(200) 1.92(2)
aAtoms are labeled as indicated in Figure 5. Distances are in angstroms.
Estimated standard deviations in the least significant figure are given in
parentheses.
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Table XX. Intramolecular Bond Angles Involving the
ITa(Me 2 SiOC-COSiMe2)(depe)2CC1] (76).a
atom atom atom
Cl
C1
C1l
Cl
Cl
C1
]?(1)
]?(1)
P(1)
P(1)
P(2)
1'(:2)
P(2)
1P(2)
P(3)
P(:3)
P(3)
P'(4)
I'( )P(4)
C(1)
Ta
Ta
Ta
C(11)
c(11)
(X2)
C0(2)
C((3()0)
C((301)
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
P(1)
P(1)
P(1)
P(1)
P(1)
Si(2)
Si(2)
Si(2)
Si(2)
P(1)
P(2)
P(3)
P(4)
C(1)
C(2)
P(2)
P(3)
P(4)
C(1)
C(2)
P(3)
P(4)
C(1)
C(2)
P(4)
C(1)
C(2)
C(1)
C(2)
C(2)
C(11)
C(12)
C(13)
C(12)
C(13)
C(301)
C(302)
C(301)
C(302)
angle
86.0(1)
83.1(1)
87.8(1)
82.9(1)
162.9(4)
162.9(4)
78.0(1)
173.5(1)
103.11(9)
96.9(3)
90.4(3)
99.40(9)
165.9(1)
114.0(4)
79.8(4)
77.9(1)
89.6(3)
95.0(3)
79.9(4)
114.1(4)
34.2(5)
108.7(5)
122.0(5)
116.3(4)
104.3(6)
99.6(6)
107.6(7)
104.6(8)
111.8(8)
111.4(9)
Nonhydrogen Atoms in
atom atom atom
C(12)
Ta
Ta
Ta
C(21)
C(21)
C(22)
Ta
Ta
Ta
C(31)
C(31)
C(32)
Ta
Ta
Ta
C(41)
C(41)
C(42)
0(1)
0(1)
0(1)
C(200)
C(200)
C(201)
0(2)
Si(2)
C(300)
Si(1)
P(2)
P(1)
P(2)
P(2)
P(2)
P(2)
P(2)
P(2)
P(3)
P(3)
P(3)
P(3)
P(3)
P(3)
P(4)
P(4)
P(4)
P(4)
P(4)
P(4)
Si(1)
Si(1)
Si(1)
Si(l)
Si(l)
Si(1)
Si(2)
C(300)
Si(2)
0(1)
C(22)
C(13)
C(21)
C(22)
C(23)
C(22)
C(23)
C(23)
C(31)
C(32)
C(33)
C(32)
C(33)
C(33)
C(41)
C(42)
C(43)
C(42)
C(43)
C(43)
C(200)
C(201)
C(202)
C(201)
C(202)
C(202)
C(300)
C(200)
C(302)
C(1)
C(24)
315
angle
103.2(6)
106.4(5)
120.0(5)
121.1(4)
100.4(7)
102.1(7)
103.5(6)
111.0(5)
123.1(5)
115.2(5)
101.2(6)
100.0(7)
103.0(6)
109.0(5)
121.6(4)
120.8(4)
98.8(6)
101.1(7)
101.8(6)
109.2(7)
114.1(6)
104.5(7)
112.0(9)
108(1)
109(1)
112.3(6)
120(1)
109(1)
134.2(8)
116(1)
__
Table XX. Intramolecular Bond Angles Involving the Nonhydrogen Atoms in
[Ta(Me2SiO-CCOSiMe 2)(depe) 2C1] (76).a
atom atom atom
Si(2)
Ta
Ta
0(1)
Ta
Ta
0(2)
P(1)
P(1)
P(l)
0(2)
C(1)
C(1)
C(1)
C(2)
C(2)
C(2)
C(11)
C(12)
C(13)
C(2)
0(1)
C(2)
C(2)
0(2)
C(1)
C(1)
C(21)
C(14)
C(15)
angle
133.8(8)
148(1)
73.7(7)
139(1)
152(1)
72.1(7)
136(1)
111(1)
117(1)
116(1)
atom atom atom
P(2)
P(3)
P(3)
P(3)
P(4)
P(4)
P(4)
Si(l)
P(2)
C(23)
C(31)
C(32)
C(33)
C(41)
C(42)
C(43)
C(200)
C(21)
C(25)
C(41)
C(34)
C(35)
C(31)
C(44)
C(45)
C(300)
C(11)
aAtoms are labeled as indicated in Figure 5. Angles are in degrees. Estimated standard
deviations in the least significant figure are given in parentheses.
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angle
118.1(9)
108.7(9)
117(1)
114(1)
108(1)
115.0(9)
118.1(9)
117(1)
110(1)
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"... 3 and 2 to Mookie Wilson ... a little roller up along first behind the bag ... it goes
through Buckner ... here come Knight ... the METS WIN!"
-Vin Scully
".. good thing I wasn't thinking, because if I was thinking, I would have let it hit me ... "
-Mookie Wilson
"What is chemistry? No one knows, but everyone talks about it. "
-Mookie Wilson
"You can fit a square peg in a round hole if you have a big enough hammer. "
-Anonymous
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